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STREAM:.  
The noise problem associated with an aircraft flying 
at supersonic speeds is shown to depend primarily on the shock 
wove pattern formed by the aircraft. The noise intensity rec-
eived by a ground observer from a supersonic aircraft flying at 
high as well as low altitudes, is shown to be high although it 
is of a transient nature. 
A study of the shock wave patterns around an aircraft 
in accelerated and retarded flight is shown to lead to an 
explanation of the one or more booms, of short duration, heard 
by ground observers after an aircraft has dived at supersonic 
speeds. 
The shock wave patterns associated with an aircraft 
flying in accelerated or retarded flight at transonic speeds 
are shown in certain cases to be very different from the corres-
ponding patterns observed in steady flight. The significance 
of these results, with reference to problems of flight at super-
sonic speeds is briefly discussed. 
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Diamp.ms.  
1. Source moving along a straight line with constant 
subsonic speed Ti = 0.8 
2. Scarce moving along a straight line with constant 
supersonic speed 11 = 1.6 
3. Diagram showing the propagation of shock waves and 
Hach waves for a two-dimensional aerofoil in 
steady motion 
4. Approximate formation of shock waves around two 
adjacent aerofoils 
5. Diagram shoving the formation of shock waves around 
an aerofoil in steady motion 
6. Diagram showing the formation of reflected shock waves 
from a supersonic aerofoil travelling parallel 
to the ground 
7. Source accelerating along a straight line from subsonic 
to supersonic speed 
8. Source accelerating along a straight line from subsonic 
to supersonic and then retarding to subsonic 
speed 
9. Source accelerating along a straight line after steady 
supersonic motion 
10. Source moving in a circle at steady supersonic speed 
11. Source moving along the path of an equiangular spiral 
at steady supersonic speed 
12. Construction of wave envelope for arbitrary motion 
13. Coordine±e system for a moving source 
	
14-. 	 . 	 Formation of a cusp by a concave wave 
15. Sectional model of the wave envelope formed by a 
source moving in a circle at constant speed 
16. Ditto 
17. The approximate formation of shock waves around an 
aerofoil at various stages during an accelera-
tion from subsonic to supersonic speeds 
18. The approximate formation of shock waves around an 
aerofoil at various stages during a retardation 
fran supersonic to subsonic speeds 
19. The commencement of the bow wave from a pointed bullet 
20. (a) The bow and tail waves from a bullet at M = 1.0 
(b) Curved shock waves produced by a bullet which has 
grazed a wooden board 
21. Arrangement of hydraulic analogy tank 
22. Accelerated aerofoil from subcritical to supercritical 
speeds. 
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§2. Notation 
a 	 speed of sound 
a
o 	
speed of sound in undisturbed air 
- 
r--  
c 	 chord of aerofoil, critical speed in water (=v gh) 
d distance apart of shock waves 
f acceleration 
g acceleration due to gravity 
depth of water 
body length 
i,m,n 	 direction cosines 
M 	 Each number 
M 	 freestream Mach number 
0 
n 	 frequency 
p 	 pressure 
r,e 	 polar coordinates 
R 	 radius of pulse wave 
t 	 time 
v 	 wind_ velocity 
3 velocity 
x, y, z 	 Cartesian coordinates 
x 	 position of observer 
Y 	 position of acoustic source 
2ym 	 aerofoil maximum thickness 




angle of sound ray to ground normal 
W2 - p), ratio of specific heats 
8 	 fineness ratio of body 
direction of flight path to ground normal 
wave length 
Mach angle 
angle of shock wave 
Cartesian coordinates of flight path 
p 
	
	 density, radius of curvature of flight path 
retarded time 
0 	 total angle of sound ray to ground normal. 
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§ 3 .  
i n t r o d u c t i o n   
T h e  a e r o d y n a m i c  n o i s e  e m i t t e d  b y  h i g h  s p e e d  a i r c r a f t  
h a s  a t t r a c t e d  i n c r e a s i n g  a t t e n t i o n  i n  r e c e n t  y e a r s ;  i t  i s  
a l r e a d y  a  s e r i o u s  n u i s a n c e  a n d  i t  i s  t h r e a t e n i n g  t o  b e c o m e  w o r s e .  
I t  i s  k n o w n  t h a t  t h e  m a j o r  n o i s e ,  c r e a t e d  b y  a n  a i r c r a f t  
t r a v e l l i n g  a t  s u b s o n i c  s p e e d s ,  i s  d u e  t o  t h e  j e t  
a n d / o r  t h e  
p r o p e l l e r .  I n  t h e s e  c a s e s  m o s t  o f  t h e  a n n o y a n c e  t o  t h e  g e n e r a l  
p u b l i c  a r i s e s  d u r i n g  r u n n i n g  u p  o n  t h e  g r o u n d ,  t h e  t a k e - o f f  a n d  
l a n d i n g .  O n  t h e  o t h e r  h a n d  t h e  n o i s e  l e v e l  p r o d u c e d  a t  t h e  
g r o u n d  f r o m  a  j e t  a i r c r a f t  f l y i n g  a t  h i g h  a l t i t u d e s  i s  l e s s  t h a n  
t h e  a v e r a g e  n o i s e  l e v e l  o f  a  b u s y  c i t y  s t r e e t .  	 I t  i s  i n t e r e s t i n g  
t o  n o t e  t h a t  t h e  n o i s e  l e v e l  o n  t h e  g r o u n d  w i l l  i n  g e n e r a l  b e  v e r y  
m u c h  g r e a t e r  f o r  a  s i n g l e  h i g h  s p e e d  a i r c r a f t  f l y i n g  a t  l o w  
a l t i t u d e  t h a n  f o r  a  l a r g e  f o r m a t i o n  o f  h i g h  s p e e d  a i r c r a f t  f l y i n g  
a t  h i g h  a l t i t u d e ,  a l t h o u g h  i n  t h e  l a t t e r  c a s e  t h e  t i m e  d u r a t i o n  
o f  n o i s e  w i l l  b e  e x t e n d e d .  
W h e n  a n  a i r c r a f t  i s  f l y i n g  a t  s u p e r s o n i c  s p e e d s  a  s h o c k  
w a v e  p a t t e r n  i s  f o r m e d  a r o u n d  t h e  a i r c r a f t .  T h e  s h o c k  w a v e s ,  
w h i c h  a r e  f o r m e d  a s  a  r e s u l t  o f  t h e  a i r c r a f t  s p e e d  b e i n g  g r e a t e r  
t h a n  t h e  s p e e d  o f  p r o p a g a t i o n  o f  t h e  p r e s s u r e  d i s t u r b a n c e s  c r e a t e d  
b y  t h e  a i r c r a f t  d u r i n g  i t s  f l i g h t ,  e n v e l o p e  t h e  s o u n d  w a v e s  
c r e a t e d  b y  t h e  a i r c r a f t  a n d  i t s  j e t  i n  t h e  d i r e c t i o n  o f  m o t i o n .  
H e n c e  a  g r o u n d  o b s e r v e r  m u s t  h e a r  t h e  s h o c k  w a v e s  p r o d u c e d  b y  a n  
a d v a n c i n g  a i r c r a f t  b e f o r e  t h e  n o i s e  f r o m  t h e  j e t .  T h e  s e n s a t i o n  
o f  n o i s e  c a u s e d  b y  t h e  s h o c k  w a v e s ,  e v e n  w h e n  t h e y  a r e  w e a k ,  i s  
v e r y  m u c h  g r e a t e r  t h a n  t h a t  p r o d u c e d  b y  o t h e r  s o u r c e s ,  a l t h o u g h  
t h e  t i m e  d u r a t i o n  o f  t h e  n o i s e  i s  i n  m o s t  c a s e s  v e r y  s m a l l .  
E x a m p l e s  o f  t h e  s e n s a t i o n  o f  n o i s e  c a u s e d  b y  s h o c k  w a v e s  a r e  
p r o v i d e d  b y  b u l l e t s ,  s h e l l s ,  m i s s i l e s
( 2 4 )  
a n d  a i r c r a f t  ( a t  p r e s e n t )  
i n  d i v e s .  	
I n  t h e  l a t t e r  c a s e ,  w h e n  t h e  s u p e r s o n i c  p a r t  o f  t h e  
f l i g h t  o c c u r s  a t  h i g h  a l t i t u d e s ,  o n e ,  t w o  a n d  s o m e t i m e s  m o r e  
' b a n g s '  a r e  h e a r d  b y  g r o u n d  o b s e r v e r s .  A l t h o u g h  t h e  p r e s s u r e  
c h a n g e s  r e c e i v e d  n e a r  t h e  g r o u n d  h a v e  n o t ,  a s  y e t ,  b e e n  s t r o n g  
e n o u g h  t o  c a u s e  d a m a g e  t o  t h e  h u m a n  e a r s  o r  t o  p r o p e r t y  t h e r e  i s  
u n d e r s t a n d a b l y  i n t e r e s t  i n  t h e  l i k e l i h o o d  o f  t h e s e  ' b a n g s '  b e i n g  
s t r o n g e r  w h e n  e m i t t e d  f r o m  f a s t e r  a n d  l o w  f l y i n g  a e r o p l a n e s  a n d  
w i s s i l e s .  E v e n  i f  s t r o n g e r  ' b a n g s '  p r o v e  u n l i k e l y  t o  r e a c h  t h e  
g r o u n d ,  a w i n g  t o  a t m o s p h e r i c  r e f r a c t i o n ,  t h e  p o s s i b l e  e f f e c t s  o n  
o t h e r  a i r c r a f t  f l y i n g  i n  t h e  v i c i n i t y  o f  a  s u p e r s o n i c  a e r o p l a n e  
m u s t  b e  a s s e s s e d .  
I t  w i l l  b e  s h o w n  b e l o w  t h a t  t h e  e x p l a n a t i o n  o f  t h e  
' b a n g s '  a n d  r e l a t e d  p r o b l e m s  w i t h  r e f e r e n c e  t o  t h e  n o i s e  f r o m  
s u p e r s o n i c  a i r c r a f t ,  l i e s  i n  a n  u n d e r s t a n d i n g  o f  t h e  s h o c k  w a v e  
/ p a t t e r n  . . .  
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pattern around the aircraft in the cases of uniform, accelerated 
and retarded flight. It is then possible for the relative 
importance of the height, speed and size of the aeroplane to be 
assessed and for the strength of the 'bang' to be estimpted. 
It is emphasised that, owing to the limited amount of 
data available with regard to shock wave patterns around bodies 
in unsteady flight, some of the conclusions stated in this report 
must be regarded as qualitative only and may need slight modifi-
cation when more accurate data are obtained. 
Pes2cnse of the ears to transient2Eassure disturbances 
It is pertinent to consider briefly the response of the 
ears of a ground observer to transient pressure disturbances as 
a preliminary to a discussion on the noise emission from high 
speed bodies in flight. It is well known that the human ear is 
a highly selective frequency analyser, sound locator and an 
indicator of the loudness, pitch and the timbre of sounds. 
	
(See 
reference 3 and the references quoted therein). Thus an incident 
pressure disturbance, haVing a complex wave form is resolved by 
the listener's ear into its Fourier components and the sensation 
is that of a fundamental sound and a series of overtones whose 
intensities are greater or smaller than that of the fundamental. 
In the case of continuous noise, whose spectrum is not 'white' 
(i. e. continuous and uniform as a function of frequency) but peaks 
over a discrete band of frequency, the listener will, as a result 
of the Fourier analysis, sense the high intensity noise above the 
background, provided that the difference intensities and the band-
width are within definite ranges. It has also been observed() 
that only two successive cycles are sufficient for a listener to 
determine the pitch of a pure note, at least up to a frequency 
of about 1000 cycles per second. 	 In general, however, the 
duration of the note must exceed 0.01 seconds for accurate pitch 
determination to be made. In addition for sounds of shorter 
duration, although the ear cannot detect the pitch, it continues 
to respond for about 0.01 seconds, and this response is commonly 
called the aftersound. Thus under normal conditions, two 
following sounds of short duration will not be distinguished one 
from the other, unless their time interval is greater than 0.01 
seconds. 
There 13 an upper limit of frequency of sound that is 
audible to the human ear and this limit is about 20 - 25kc. But 
the ear will register a single pulse of short duration provided 
that the intensity is sufficiently great. In all such cases, 
/due to . . . 
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d u e  t o  t h e  a f t e r s o u n d ,  t h e  d u r a t i o n  a p p e a r s  t o  b e  a b o u t  0 . 0 1  
s e c o n d s .  	
F o r  e x a m p l e  a n  e l e c t r i c  s p a r k  o f  1 p .  s e c .  d u r a t i o n  i s  
h e a r d  a s  a  c r i s p  ' c h i r p ' ,  w h e r e a s  a n  i n t e r m i t t e n t  s p a r k  t r i g g e r e d  
a t  t h e  r a t e  o f  1 0 0 0  p e r  s o u n d  i s  h e a r d  a s  a  p r o l o n g e d  ' c h i r p '  o f  
a b o u t  1 0 0 0  c . p . s .  p i t c h .  
T h e r e  a p p e a r s  t o  b e  v e r y  l i t t l e  c o r r e l a t e d  e x p e r i m e n t a l  
e v i d e n c e  b e t w e e n  t h e  a u r a l  s e n s a t i o n  a n d  a  h i g h  f i d e l i t y  m i c r o -
p h o n e  f o r  t r a n s i e n t  d i s t u r b a n c e s  s u c h  a s  s h o c k  w a v e s .  R e c o r d s  
o b t a i n e d  f r o m  p r o j e c t i l e s  f i r e d  i n  a i r  a t  s u p e r s o n i c  s p e e d s  a n d  
a t  l o w  a l t i t u d e s  i n d i c a t e  t h a t  t h e  s h o c k  p a t t e r n  a s s o c i a t e d  w i t h  
t h e  p r o j e c t i l e  p a s s e s  i n  l e s s  t h a n  0 . 0 1  s e c o n d s , w h e r e a s  t h e  
e x p l o s i v e  ( o r  g u n )  w a v e  i s  o f  l o n g e r  d u r a t i o n .  F r o m  w h a t  h a s  
b e e n  s t a t e d  a b o v e  i t  c a n  b e  s e e n  t h a t  t h e  e a r s  w i l l  r e s p o n d  t o  
t h e  p a s s a g e  o f  s h o c k  w a v e s ,  a n d  w i l l  i d e n t i f y  t h e i r  a m p l i t u d e  a n d  
d i r e c t i o n .  
§ 5 .  
D o p p l e r   e f f e c t  
W h e n  a  b o d y  i s  i n  m o t i o n  r e l a t i v e  t o  a n  o b s e r v e r ,  t h e  
O b s e r v e d  p i t c h  i s  d i f f e r e n t  f r o m  t h e  p i t c h  o f  s o u n d s  e m i t t e d  f r o m  
t h e  b o d y  o r  t h e  f l o w  f i e l d  a r o u n d  t h e  b o d y .  I f  t h e  s o u n d  r a d -
i a t o r s ,  w h i c h  a r e  m o v i n g  w i t h  t h e  v e l o c i t y  M  a o
,  w h e r e  	 i s  
t h e  M a c h  n u m b e r  a n d  a
o  
i s  t h e  s p e e d  o f  s o u n d  i n  u n d i s t u r b e d  a i r ,  
s e n d  o u t  v i b r a t i o n s  o f  f r e q u e n c y  n  a t  t h e  p o i n t  y ,  t h e n  t h e  
o b s e r v e d  p i t c h
( 5 )  




( x  y )  
1  -  
-  
T h e  f r e q u e n c y  i s  i n c r e a s e d  f o r  s o u n d  e m i t t e d  f o r w a r d s  a n d  d e c r e a s e d  
f o r  s o u n d  e m i t t e d  b a c k w a r d s .  
	 T h e  D o p p l e r  e f f e c t  a p p l i e s  e q u a l l y  
w e l l  t o  e a c h  b a n d .  o f  f r e q u e n c i e s  i n  t h e  s p e c t r u m  o f  n o i s e  e m i t t e d  
b y  a  s o u n d  r a d i a t o r .  
I t  h a s  o f t e n  b e e n  s t a t e d  t h a t  f o r  a  b o d y  m o v i n g  t o w a r d s  
a n  o b s e r v e r  a t  r e s t ,  w i t h  u n i t  M a c h  n u m b e r ,  t h e  a p p a r e n t  f r e -
q u e n c y  o f  t h e  e m i t t e d  s o u n d ,  a s  a  r e s u l t  o f  D o p p l e r  e f f e c t ,  i s  
i n f i n i t e ,  a n d  t h e r e f o r e  o u t s i d . e  t h e  a u d i b l e  r a n g e .  
	
T h e  i n c o r r e c t  
c o n c l u s i o n  i s  t h e n  d r a w n  t h a t  a t  t h e  i n s t a n t  t h e  a i r c r a f t  p a s s e s  
t h e  o b s e r v e r  t h e  a i r c r a f t  w i l l  n o t  b e  h e a r d .  T h i s  r e n a r k  i s  
t h e n ,  m o r e  o f t e n  t h a n  n o t ,  f o l l o w e d  b y  t h e  c o r r e c t  s t a t e m e n t  t h a t  
t h e  n o i s e ,  h e a r d  b y  t h e  o b s e r v e r  a s  t h e  a i r c r a f t  r e c e d e s ,  i s  a t  
f r e q u e n c i e s  e q u a l  t o  h a l f  t h a t  o f  t h e  s o u n d  e m i t t e d .  T h i s  p a r a d o x  
o n l y  a r i s e s  w h e n  w e  n e g l e c t  ( a )  t h e  s o u r c e s  o f  s o u n d  t h a t  a r e  
/ a s s o c i a t e d  . . .  
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associated with the body in motion, and are not themselves 
travelling at the same speed as the bodyp and (b) the shock waves 
around the body, which arise from the pressure field of the body 
and its propagation, and which are readily converted, by the ear 
into noise. 
The noise emission from bodies at  subsonic sneeds 
The sound emitted from a body travelling through the 
atmosphere may be classified under the headings external and 
internal. 	 In the latter class we include the noise from engines, 
compressors, turbines and pumps etc., whereas in the former class 
we include the noise due to propellers, piston engine exhausts , ()  
jets `5}, boundary layers, wakes, tip vortices and to the pressure 
field associated with the body motion. An analysis of the noise 
received by a ground observer shows that the internal noise 
accounts for only a small fraction of the total noise. 	 In the 
case of high speed aircraft, propulsion is usually by means of a 
jet and the noise emitted from the jet generally dominates the 
remainder of the noise, at least at subsonic flight speeds below 
the critical Mach number. 'ale will therefore only consider in 
detail this type of noise, in addition to that associated with 
the body pressure field. 
(i) Jet noise 
 
The noise emitted from a jet arises from the turbulent 
motion (5)  in the mixing region between the main flow near the jet 
centre, and the air at rest outside. 	 The noise, which is strongly 
directional, is a function of the jet speed(7), temperature and 
diameter (8)  . 	 The intensity falls off approximately as the inverse 
square of the distance from the jet. For jets below choking 
the emission is stronger in the downstream field (relative to 
the jet) and weaker in the upstream field. For jets above 
choking the noise field is modified by the interaction of turbu-
lence with the stationary shock waves(9) (relative to the jet 
exit) in the jet and in certain ranges of frequency and pressure 
( 
ratio the upstream radiation may be greater than the downstream
10)
. 
(ii) Pressure field due to body motion 
If a body starts from rest and is gradually accelerated 
until it reaches a uniform subsonic speed then at each instant 
each part of the body sends out pulse waves of small amplitude, 
which move with sonic steed,  "e sometimes loosely, if graphically, 
refer to these waves as warning the air ahead that the body is 
approachnnpn 
/(See figure 1) ... 
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( S e e  f i g u r e  1 ) .  	
S i n c e  w e  
a r e  a t  p r e s e n t  c o n s i d e r i n g  s u b s o n i c  
b o d y  s p e e d s ,  t h e s e  w a v e s  w i l l  t r a v e l  b o t h  u p s t r e a m  a n d  d o w n s t r e a m  
r e l a t i v e  t o  t h e  b o d y .  
	
T h e  c o m p l e t e  s y s t e m  o f  w a v e s  i s  d i r e c -  
t i o n a l  a n d  a  s i m p l e  a r g u m e n t  s h o w s  t h a t  t h e i r  a m p l i t u d e  a n d  w a v e  
l e n g t h  w i l l  b e  r e s p e c t i v e l y  f u n c t i o n s  o f  t h e  b o d y  v o l u m e  a n d  i t s  
l e n g t h  i n  t h e  d i r e c t i o n  o f  m o t i o n .  
	
( O n  t h e  r a t h e r  c r u d e  a s s u m p -  
t i o n  t h a t  t h e  b o d y  m a y  b e  r e p l a c e d  b y  a  s o u r c e - s i n k  c o m b i n a t i o n .
( 1 )  
 )  
T h e  s y s t e m  o f  w a v e s  c a n  b e  e a s i l y  s e e n  b y  d r a g g i n g  a  
t w o - d i m e n s i o n a l  b o d y  t h r o u g h  s h a l l o w  w a t e r  a t  l o w  s p e e d s .  
	
I t  
c a n  b e  s h o w n  t h a t  t h e  e l e v a t i o n  a n d  d e p r e s s i o n  o f  t h e  w e a k  s u r f a c e  
w a v e s  ( a p a r t  
f r o m  
t h e  c a p i l l a r y  w a v e s  o f  s m a l l  w a v e  l e n g t h )  
c o r r e s p o n d  t o  t h e  l o n g i t u d i n a l  w a v e  m o t i o n  p r o d u c e d  b y  m o v e m e n t s  
o f  a  s i m i l a r  b o d y  t h r o u g h  a i r .  T h e  a n a l o g y  b e t w e e n  s h a l l o w  w a t e r  
w a v e s  a n d  p u l s e  w a v e s  i n  a i r  f o l l o w s  f r o m  t h e  f a c t  t h a t  b o t h  h a v e  
a  s p e e d  w h i c h  i s  i n d e p e n d e n t  o f  w a v e l e n g t h .  
A n  a p p r o x i m a t e  c a l c u l a t i o n
( 1 )  
 s h o w s  t h a t  i n  a c c e l e r a t e d  
f l i g h t  a t  h i g h  s u b s o n i c  s p e e d s  t h e  a m p l i t u d e  o f  t h e  p r e s s u r e  
d i s t u r b a n c e s  a t  a  l a r g e  d i s t a n c e  f r o m  t h e  m o v i n g  b o d y  i s  n o t  
n e g l i g i b l e  i n  t e r m s  o f  n o i s e  i n t e n s i t y .  
	 T h i s  p r o b l e m ,  w h i c h  
r e l a t e s  t o  t h e  c a l c u l a t i o n  o f  t h e  p r e s s u r e  h i s t o r y  a t  a  f i x e d  
p o i n t  d u e  t o  t h e  m o t i o n  o f  a  b o d y ,  n e e d s  f u r t h e r  i n v e s t i g a t i o n .  
7 .  T h e  n o i s e  e m i s s i o n  f r o m  b e d i e s a . ± a l p e r s o n i c  s e e d s  
T h e  s o u r c e s  o f  n o i s e  a s s o c i a t e d  w i t h  a  b o d y  t r a v e l l i n g  
a t  s u p e r s o n i c  s p e e d  a r e  s i m i l a r  t o  t h o s e  a t  s u b s o n i c  s p e e d s  e x c e p t  
t h a t ,  a s  s t a t e d  a b o v e ,  t h e  p r e s s u r e  d i s t u r b a n c e s  c r e a t e d  b y  t h e  
b o d y  d u r i n g  i t s  m o t i o n  f o r m  a  s y s t e m  o f  s h o c k  w a v e s  a r o u n d  t h e  
b o d y .  
	
I n  t h e  c a s e  o f  a  j e t  p r o p e l l e d  b o d y  t h e  m a i n  n o i s e ,  a t  a  
l a r g e  
d i s t a n c e  f r o m  t h e  b o d y ,  w i l l  b e  a  c o m b i n a t i o n  o f  j e t ,  w a k e  
a n d  b o u n d a r y  l a y e r  n o i s e  a n d  t h e  n o i s e  d u e  t o  s h o c k  w a v e s .  
( i )  P u l s e  w a v e s  M a c h  w a v e s  a n d  S h o c k  w a v e s  
W h e n  a  b o d y  i s  f l y i n g  a t  s t e a d y  s u p e r s o n i c  s p e e d s  t h e  
p u l s e  w a v e s ,  w h i c h  a r e  e m i t t e d  c o n t i n u o u s l y  b y  t h e  b o d y  d u r i n g  
i t s  f l i g h t ,  a n d  w h i c h  a r e  m o v i n g  a t  s o n i c  s p e e d  r e l a t i v e  t o  t h e  
l o c a l  f l o w ,  c a n  n o  l o n g e r  p r o p a g a t e  u p s t r e a m  s i n c e  t h e i r  s p e e d  
i s  l e s s  t h a n  t h a t  o f  t h e  b o d y .  
	
T h e  p u l s e  w a v e s  w h i c h  a r e  
e m i t t e d  f r o m  a n  i n f i n i t e l y  s m a l l  b o d y  f o r m  e n v e l o p e s  a n d  t h e  
s u r f a c e s  g e n e r a t e d  a r e  c a l l e d  M a c h  w a v e s  ( s e e  f i g u r e  2 ) .  W e  
r e f e r  t o  a  M a c h  w a v e  a c r o s s  w h i c h  t h e r e  i s  a n  i n f i n i t e s i m a l  
i n c r e a s e  ( d e c r e a s e )  i n  p r e s s u r e  a s  a  c o m p r e s s i o n  ( e x p a n s i o n )  w a v e .  
B y  d e f i n i t i o n ,  ; : h e  v e l o c i t y  n o r m a l  t o  a  Y a c h  w a v e  i s  s o n i c .  
	 T h e  
/ a n g l e  
angle the Mach wave makes with the direction of the local flow, 
relative to the Mach wave, is called the Mach angle. The infini-
tesimal disturbance created at each point along the flight path 
is propagated along the surface of a cone (the forward Mach cone) 
whose semi-apex angle is equal to the complement of the Mach angle. 
The pulse waves, emitted by a point source, are propagated with 
sonic velocity relative to the undisturbed flow ahead of the source, 
because, owing to its size, the induced velocity due to the motion 
of the source is zero. 
	
In the case of a body of finite sze the 
velocity of the pulse waves is still sonic relative to the flow 
around the body, but owing to the finite induced velocity due to 
the body motion, the velocity and, angle of forward propagation, 
relative to the undisturbed flow are increased and decreased 
respectively. 	 (See figure 3). 
	
The induced flow over the body 
cannot, however, be generated by Mach waves alone, since sudden 
finite changes in flow direction and finite pressure increases are 
called for. Consequently,we find ahead or springing from the 
body, bow and tail waves of finite amplitude called shock waves. 
Just as Mach waves may be regarded as envelopes of pulse waves so 
shock waves may loosely be regarded as envelopes of compression 
Mach waves. Shock waves propagate normal to themselves with 
supersonic speed relative to the undisturbed flow. 
	
The bow and 
tail shock waves around a two-dimensional body will be straight 
only when the velocity of the body is unif•i.m in a straight line, 
the flow behind the shock is supersonic relative to the body, and 
when no expansion waves (such as the fan of waves POQ in fig. 3) 
interact with the shock waves, 
	
In the latter case the expansion 
waves reduce the strength of the shock wave and its velocity of 
propagation. The shock wave is, crudely, the mechanism by which 
undisturbed air ahead of a body, moving at supersonic speeds, is 
rapidly accelerated in the direction of motion of the body, in 
order that smooth flow may occur over the body. The thickness 
of a shock wave in air is very small and for many practical pur-
noses it may be assumed that it is of zero thickness. 
For a comPlex body such as an aeroplane shock waves 
will be generated at the leading and trailing edges of the wings 
and tail surfaces and at the nose and tail of the body. Additional 
shock waves will in general also be present around intakes, fairings 
etc. 	 Since the main problem under consideration is that of the 
noise received by a ground observer from a body moving at super-
sonic speeds not too close to the ground, it is the shock wave 
configuration in the distant field which is cf direct interest 
and not that correeponding to the vicinity of the aircraft. Simple 
reasoning will show that, in general,at distances from the aircraft, 
/large ... 
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l a r g e  c o m p a r e d  w i t h  i t s  d i m e n s i o n s ,  t h e  c o m p l e x  s h o c k  p a t t e r n  w i l l  
b e  m a i n l y  d e t e r m i n e d  b y  t h e  s t r o n g e r  s h o c k s  e s p e c i a l l y  i f  t h e y  a r e  
p a r t l y  p l a n e .  T h u s ,  f o r  a n  a i r c r a f t ,  t h e  s h o c k  p a t t e r n  w i l l  b e  
r e p r e s e n t e d  a p p r o x i m a t e l y  b y  t w o  m a i n  s h o c k s , a l t h o u g h  a t  a n y  f i n i t e  
d i s t a n c e  f r o m  t h e  a i r c r a f t  w e  c a n n o t  a s s u m e  t h a t  t h e  r e m a i n i n g  
s h o c k s  h a v e  c o a l e s c e d  w i t h  t h e  m a i n  s h o c k s ,  a n d  t h a t  t h e i r  l o c a l  
s t r e n g t h  i s  l e s s  t h a n  t h a t  o f  t h e  m a i n  s h o c k s .  A  d i a g r a m  s h o w i n g  
t h e  i n t e r a c t i o n  o f  s h o c k  w a v e s  f r o m  t a n d e m  a e r o f o i l s  i s  g i v e n  i n  
f i g u r e  
L 4 .  
	
F o r  s i m p l i c i t y ,  h o w e v e r ,  i t  i s  l e g i t i m a t e  i n  t h e  
a p p r o x i m a t e  t r e a t m e n t  b e l o w  t o  c o n s i d e r  o n l y  t h e  s h o c k  w a v e s  t h a t  
d e v e l o p  a r o u n d  a  t w o - d i m e n s i o n a l  a e r o f o i l  o r  a n  a x i s y m m e t r i c  b o d y  
o f  r e v o l u t i o n .  
I n  o r d e r  t o  d e t e r m i n e  t h e  n o i s e  p r o d u c e d  b y  s h o c k  w a v e s  
i n  m o t i o n ,  w e  m u s t  f i r s t  c a l c u l a t e  t h e  p r e s s u r e  r i s e  a c r o s s  t h e m  
a t  a  l a r g e  d i s t a n c e  f r o m  t h e  b o d y .  T h i s  i n v o l v e s  a s s e s s i n g  t h e  
a m o u n t  b y  W h i c h  s h o c k  w a v e s  d e c a y  w i t h  d i s t a n c e .  T h e  p r o c e s s e s  
o f  d e c a y  a r e  
( a )  b y  t h e  a c t i o n  o f  v i s c o u s  a n d  t h e r m a l  e f f e c t s  
( b )  
b y  t h e  i n t e r a c t i o n  o f  e x p a n s i o n  a n d  s h o c k  w a v e s  
( c )  
b y  t h e  s p r e a d i n g  o f  f r e e  s p h e r i c a l  s h o c k  w a v e s  
a w a y  f r o m  t h e i r  s o u r c e .  
I n  m o s t  p r a c t i c a l  p r o b l e m s  t h e  e f f e c t s  ( a )  c a n  b e  s a f e l y  n e g l e c t e d .  
F i g u r e  5 a  s h o w s  h o w  t h e  e x p a n s i o n  w a v e s  i n t e r a c t  w i t h  t h e  s h o c k  
w a v e s  a n d  g r a d u a l l y  r e d u c e  t h e i r  s t r e n g t h  t o  z e r o  a t  a n  i n f i n i t e  
d i s t a n c e  f r o m  t h e  a e r o f o i l .  
	 T h e  t y p i c a l  p r e s s u r e  s i g n a t u r e  i s  
s h o w n  i n  f i g u r e  5 b ,  a n d  i s  r e p r e s e n t a t i v e  o f  t h a t  o b t a i n e d  b y  
c a l c u l a t i o n  b o t h  f o r  a e r o f o i l s  a n d  b o d i e s  o f  r e v o l u t i o n  i n  u n i f o r m  
s t r a i g h t  l i n e  m o t i o n .  
I f  a n  a i r c r a f t  o r  p r o j e c t i l e  f l i e s  p a s t  a  g r o u n d  
o b s e r v e r  a t  c o n s t a n t  s u p e r s o n i c  s p e e d ,  t h e  o b s e r v e r  c a n  h e a r  
n o t h i n g  u n t i l  t h e  b o w  w a v e  r e a c h e s  h i m .  
	 T h e  s a w  t o o t h  ( N ' - w a v e )  
f o r m  o f  t h e  p r e s s u r e  d i s t u r b a n c e  d u e  t o  t h e  b o w  a n d  t a i l  W a v e s  
w i l l  b e  o b s e r v e d  a s  o n e  o r  t w o  c r a c k s  o r  b o o m s  d e p e n d i n g  o n  t h e  
b o d y  l e n g t h ,  s p e e d ,  a l t i t u d e  a n d  t h e  g r o u n d  t e r r a i n .  W h e n  s m a l l  
p r o j e c t i l e s  a r e  f i r e d  a t  l o w  a l t i t u d e s  t h e  t i m e  i n t e r v a l  b e t w e e n  
t h e  b o w  w a v e ,  t h e  t a i l  w a v e  a n d  t h e  g r o u n d  r e f l e c t i o n  w a v e s  ( s e e  
f i g u r e  6 )  w i l l  b e  l e s s  t h a n  0 . 0 1  s e c o n d s  a n d  h e n c e  t w o  o r  m o r e  
d i s c r e t e  s o u n d s  c a n n o t  t h e n  b e  d e t e c t e d  b y  t h e  e a r s .  
( i i )  J e t ,  
 w a k e  a n d  
b o u n d a r y  l y
.2 1 : _ n o i s e  
T h e  n o i s e  e m i s s i o n  f r o m  j e t s ,  w a k e s  a n d  b o u n d a r y  l a y e r s  
w i l l  h a v e  a  s i m i l a r  c h a r a c t e r  t o  t h a t  c r e a t e d  a t  s u b s o n i c  b o d y  
s p e e d s .  	
H o w e v e r  o n e  m a i n  d i f f e r e n c e  i s  t h a t  s o u n d  w a v e s  
/ p r o p a g a t e d  . . .  
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propagated out from a jet or wake cannot penetrate into the region 
between the bow and tail waves, apart from the small percentage 
of the total output which is transmitted forward through the sub-
sonic part of the boundary layer. 
	
Hence disturbances, giving 
rise to noise, will exist in the region between the bow and tail 
waves, although the main noise, apart from that due to the moving 
shock waves., will exist to the rear of the tail wave. 	 A common 
example of the wake noise, following that due to shod: wavesv is that 
experienced from a shell or bullet. This gives rise to the pro-
longed hissing noise, the pitch of which decreases on passing, as a 
result of Doppler effect, 
(iii) General conclusions 
It has been shown qualitatively how the noise from bodies 
moving at subsonic speeds differs from that at supersonic speeds. 
The main difference lies in the discontinuities in pressure 
associated with the formation of shock waves around the body. 
The remarks relating to the ear response show that in general two 
shock waves cannot be heard separately unless their time interval 
is greater than 0.01 seconds. 
One important conclusion is, that in order to calculate 
the noise intensity from aircraft travelling at supersonic speeds 
we must know the shock wave pattern around the aircraft. This 
is known reasonably well, apart from certain minor gaps, for 
bodies travelling at uniform speeds but the development of shock 
waves in accelerated and retarded flight has as yet received 
little attention. 
§8. Hach wave patterns fosmed by a moving source 
Before considering the changes that occur in the shock 
pattern around a body when it is accelerated or retarded, we will 
first discuss the corresponding changes in the Each wave pattern 
formed by a moving source. 
	
In section (i) the physics of some 
simple illustrative patterns will be discussed, in section (ii) 
the theory will be outlined. 
(i) Examples of some simple patterns 
It is assumed that the source moves through a uniform 
fluid which is initially at rest, and that the spherical pulse 
waves, emitted by the source during its motion, travel through 
the fluid with constant sonic speed. Figures 1 and 2, which 
have been referred to above, show part of the complete set of waves 
at a given time instant. At subsonic speeds the crowding 
/together ... 
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t o g e t h e r  o f  t h e  
p u l s e  w a v e s  a h e a d  o f  t h e  
s o u r c e  i s  c l e a r l y  s e e n ,  
w h e r e a s  a t  s t e a d y  s u p e r s o n i c  s p e e d  t h e  c o n i c a l  e n v e l o p e  a t  t h e  
f o r w a r d  p a r t  o f  t h e  P u l s e  w a v e s  i s  
v i s i b l e .  
F i g u r e s  7 , 8 , 9 , 1 0  
a n d  1 1  s h o w  t h a t  i n  u n s t e a d y  s u p e r s o n i c  m o t i o n  t h e  e n v e l o p e s  f o r m  
1 1 )  
M a c h  w a v e s  o f  c o n c a v e  a n d  c o n v e x  c u r v a t u r e  
d i v i d e d  b y  c u s g .  '  ( 1 2 )  
 
O b v i o u s l y  a  p r o p e r t y  o f  t h e  M a c h  w a v e  i s  t h a t  i t  m o v e s  e v e r y w h e r e  
n o r m a l  t o  i t s e l f  a t  t h e  s p e e d  o f  s o u n d .  H e n c e  a  M a c h  w a v e ,  w h o s e  
c u r v a t u r e  i s  c o n c a v e  t o  t h e  d i r e c t i o n  o f  m o t i c n ,  w i l l  f o c u s  a t  a  
p o i n t  a h e a d ,  w h i c h  m u s t  b e  i t s  c e n t r e  o f  c u r v a t u r e .  B e y o n d  t h i s  
p o i n t ,  h o w e v e r ,  i t  w i l l  b e  s e e n  t h a t  t h e  M a c h  w a v e  b e c o m e s  a  w a v e  
w h o s e  c u r v a t u r e  i s  c o n v e x  t o  t h e  d i r e c t i o n  o f  m o t i o n .  T h i s  h e l p s  
t o  e x p l a i n  w h y  a  c u s p  a n d  a  r e a r  w a v e  o f  
c o n v e x  c u r v a t u r e  a r e  
f o r m e d  w h e n  a  s o u r c e  a c c e l e r a t e s  i n  a  s t r a i g h t  l i n e  t h r o u g h  t h e  
s p e e d  o f  s o u n d ,  ( s e e  f i g u r e  7 ) .  T h u s  t h e  E a c h  w a v e s  f o r m e d  b y  t h e  
a c c e l e r a t e d  s o u r c e  g e n e r a t e  a  c l o s e d  l o o p  i n  a n y  l o n g i t u d i n a l  p l a n e  
p a s s i n g  t h r o u g h  t h e  a x i s .  W h e n  t h e  s o u r c e  i s  n o w  r e t a r d e d  t o  s u b -
s o n i c  s p e e d s  t h e  M a c h  w a v e s  b e c o m e  c o n v e x  f o r w a r d s  a n d  t e n d  t o  
m o v e  a h e a d  o f  t h e  s o u r c e  ( s e e  f i g u r e  8 )  s i n c e  t h e i r  s p e e d  o f  p r o p -
a g a t i o n  i s  g r e a t e r  t h a n  t h a t  o f  t h e  s o u r c e .  B o t h  t h e  f r o n t  a n d  
r e a r  w a v e s  o f  t h e  c l o s e d  l o o p  t h e n  e v e n t u a l l y  m o v e  a h e a d  o f  t h e  
s o u r c e .  T h e  d i s t a n c e  a p a r t  o f  t h e  w a v e s ,  o f  t h e  l o o p ,  a l o n g  t h e  
a x i s  ( s t r a i g h t  l i n e  m o t i o n )  r e m a i n s  c o n s t a n t  b u t  t h e  h e i g h t  o f  t h e  
l o o p  i n c r e a s e s .  T h e  c o n e  a n g l e  o f  t h e  l o o p  a t  a  l a r g e  d i s t a n c e  
f r o m  t h e  p o s i t i o n  a t  w h i c h  t h e  h i g h e s t  E a c h  n u m b e r ,  M  ,  o f  t h e  
s o u r c e  i s  r e a c h e d ,  i s  e q u a l  t o  
2  ( 9 0
°  
 -  s i n  1  E1  
 . /  •  
' T h e n  a  s o u r c e  i s  a c c e l e r a t e d  a f t e r  s t e a d y  m o t i o n  a t  a  s u p e r s o n i c  
s p e e d  h a s  b e e n  a t t a i n e d ,  t w o  c u s p s  a r e  f o r m e d  i n  t h e  f o r w a r d  M a c h  
w a v e  ( s e e  f i g u r e  9 ) .  T h e  i n n e r  c u s p  i s  g e n e r a t e d  a l o n g  t h e  f o r -
w a r d  M a c h  c o n e ,  c o r r e s p o n d i n g  t o  t h e  i n i t i a l  M a c h  n u m b e r ,  w i t h  i t s  
a p e x  a t  t h e  p o i n t  o f  i n i t i a l  a c c e l e r a t i o n .  T h e  o u t e r  c u s p  s p r e a d s  
o u t w a r d s .  I t s  p a t h  d e p e n d s  u p o n  t h e  h i s t o r y  o f  t h e  a c c e l e r a t e d  
m o t i o n .  
( i i )  T h e  e q u a t i o n   o f  t h e  
 w a v e  e n v e l o p a i m   a n  
a r b i t r a r i l y  
m o v i n g  s o u r c e   
A l t h o u g h  t h e  c o m p l e t e  w a v e  e n v e l o p e  m a y  b e  g e o m e t r i c a l l y  
c o n s t r u c t e d  u s i n g  t h e  p r i n c i p l e  o f  e x p a n d i n g  s p h e r i c a l  w a v e s ,  t h e  
d r a w b a c k  t o  t h i s  m e t h o d  i s  t h a t  i t  b e c o m e s  r a t h e r  i n d e t e r m i n a t e  
i n  t h e  r e g i o n  o f  t h e  c u s p  p o i n t s  u n l e s s  a n  e x c e s s i v e l y  l a r g e  n u m b e r  
o f  c i r c l e s  i s  d r a w n .  T o  o v e r c o m e  t h e  d i f f i c u l t y  o f  l o c a t i n g  c u s p s ,  
t w o  s i m p l e  e x p r e s s i o n s  w i l l  b e  i n t r o d u c e d  t o  l o c a t e  t h e  w a v e  
/ e n v e l o p e  . . .  
)2  + (.3r -11)2  + (z R2  = 	 - 
where R = a T, 
dr 
--a. 
dT etc. where 
-15- 
envelope and the cusp lines. 
Consider a source which has _awed along the line BA 
(figure 13) and has reached the point A at the present time t=0. 
Spherical pulse waves will have been emitted along its path at each 
past instant. These waves will be expanding outwards away from 
their points of formation with the speed of sound (a). 	 The whole 
system of pulse waves will be viewed at the present time. Consider 
the spherical wave which was emitted at the time t = - T as the 
source passed through the point C whose Cartesian coordinates are 
(-,11,?,). 	 Let a point D, on the sphere, have coordinates (x,y,z). 
The equation of the sphere is.- 
or 	
a2,T72 )2 - (y - „l)2 - (z -Y)2  =0 
If we differentiate equation 8.1 with respect to T, 
keeping x,y,z constant, we get 
a2T + 	 - 	 + (y 	 -1);1 + (z 	 = 0 
and on differentiating again with respect to T, we get 
SG 
a2  + (x - r)t.  + Cy - 1-07-7 + (z - 
.2 	 . 0 
Let the velocity of the source at the point (F„,11,) be V, having 





2 	 4.  




- V In 




dY 	 dF 
dT 	 = 
	
etc. dt  
8.1, 8.2, and 8.3 	 become 
(y-- ^1)2 - 	 (z  _ 4)2 _ 0  
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a ( E 2  
 -  1 ) 1 1  
O 0 0 4  . . . . . .  8 1 . 7 a  
w h e r e  
T I  
-  1  
 f l v  
-  a  a t  
•  I '  
8  2 a  
8 3 a  
- 1 6 -  
a  R r i  -
+  	
n  	
- 1  
R  	
.  0 .  
a  
a 2  V 2  
+  1 1 1 1' ; : f r 1 - 2 -  +  
	
=  0 .  




_ 1  
A  p o i n t  ( x , y , z )  w h i c h  s a t i s f i e s  e q u a t i o n  6 . 1 a  w i l l  l i e  o n  t h e  
s p h e r i c a l  p u l s e  w a v e .  
	
I f  i t  a l s o  s a t i s f i e s  e q u a t i o n  8 . 2 a  t h e n  
t h e  p o i n t  w i l l  l i e  o n  t h e  w a v e  e n v e l o p e .  	
T h e  t h i r d  e x p r e s s i o n  
3 . 3 a  i s  t h e  c o n d i t i o n  t h a t  t h e  w a v e  e n v e l o p e  f o r m s  a  c u s p .  
	
T h u s  
i f  t h e  p o i n t  D  s a t i s f i e s  8 . 1 a  i t  l i e s  o n  t h e  s p h e r i c a l  w a v e ,  
i f  i t  s a t i s f i e s  8 . 1 a  a n d  8 . 2 a  i t  l i e s  o n  t h e  w a v e  e n v e l o p e  a n d  
i f  i t  s a t i s f i e s  8 . 1 a  ,  8 . 2 a  a n d  8 . 3 a  t h e n  i t  l i e s  a t  a  c u s p  p o i n t  
o n  t h e  e n v e l o p e .  
L e t  y  e q u a l  t h e  a n g l e  t h e  t a n g e n t  t o  t h e  s o u r c e  p a t h  a t  
t h e  p o i n t  ( ,
-
1 1 X  m a k e s  w i t h  t h e  r a d i u s  v e c t o r ,  R ,  d r a w n  t o  
t h e  p o i n t  w h e r e  t h e  s p h e r i c a l  w a v e  t o u c h e s  t h e  e n v e l o p e .  T h e n  y  
i s  t h e  c o m p l e m e n t  o f  t h e  M a c h  a n g l e , a n d  f r o m  8 . 2 a ,  
a  
=  c o s  y  
o r  
y  =  c o s  
— 1  I  
 
w h e r e  N .  i s  t h e  i n s t a n t a n e o u s  M a c h  n u m b e r  a t  t h e  p o i n t  C .  T h u s ,  
a s  t h e  s o u r c e  p a s s e s  t h r o u g h  t h e  p o i n t  ( ) " , T. I X  a  c i r c u l a r  e l e m e n t  
o f  t h e  w a v e  e n v e l o p e  i s  e m i t t e d .  T h i s  c i r c u l a r  e l e m e n t  w i l l  t r a v e l  
a w a y  f r o m  t h e  p o i n t  o f  e m i s s i o n  w i t h  t h e  s p e e d  o f  s o u n d ,  a n d  w i l l  
1  
t r a c e  o u t  a  c o n e  o f  s e m i  v e r t e x  a n g l e  
e q u a l  
 t o  c o s
- 1  
 T f , a n d  w h o s e  
a x i s  i s  t h e  d i r e c t i o n  o f  m o t i o n  o f  t h e  s o u r c e  a s  i t  p a s s e d  t h r o u g h  
t h e  p o i n t  ( :- , 1 1 , ) .  
L e t  t h e  m a g n i t u d e  o f  t h e  a c c e l e r a t i o n  o f  t h e  s o u r c e  
a t  
( r, „ .
1 1 , 4 )  e q u a l  f  = 4 / F
2  
 7 )2   +  Z
2 .  m i e n ,  i f  t h e  r a d i u s  v e c t o r  f r o m  
( 5 , , n , 6  t o  t h e  w a v e  e n v e l o p e  m a k e  a n  a n g l e  a  w i t h  t h e  
d i r e c t i o n  
o f  a c c e l e r a t i o n ,  c o n d i t i o n  8 . 3 a  r e d u c e s  t o . -  
f.  2  	
' ; )  
R
a  -  V -   
+  f  c o s  	
=  0  
•  
2 ( . 2  
a  t j a  
 -  1 )   
-  
f  c o s  c  
F o r  m o t i o n  i n  a  s t r a i g h t  l i n e  e q u a t i o n  8 . 7  c a n  b e  
w r i t t e n  
/ A  c u s p  
o r  
8 6  
8 7  
-17- 
A cusp will form on the envelope when condition 8.7 is 
satisfied. 	 If f cos a is positive when the source passes through 
the point (,-=,,T1X then a cusp is formed after an interval of time 
a(1\12  - 1)  
f cos a 
The complete wave envelope is formed by constructing all the 
circular elements corresponding to each point on the path for which 
the motion was supersonic. The envelope will consist of concave 
and convex sheets which are separated by cusp lines. 
The formation of cusp points may perhaps be more easily 
understood if one considers the curvature of a wave element at its 
instant of formation. The element will be initially concave out-
wards with radius of curvature, 
2/ 2 
1/ 
f cos a 
That is, the element will come to a focus at its centre of curvature, 
and then diverge in the form of a convex element. Figure 14 
illustrates the formation of a cusp from a concave wave envelope, 
EF. The wave envelope which is formed at some later instant may 
be constructed by producing all the normals to the wave front for a 
constant distance such that BiCi  = B2C2  = B3C3  = GG1  = EEl. 	 It 
will be seen that the envelope between *F1  and Gi  is still concave 
since none of the normals intersect, the wave element at G is 
focussed at its centre of curvature G1 and the remaining part of 
the envelope GiEl  is convex. 
Figure 12 illustrates the method of constructing the wave 
envelope for the arbitrary motion of a source without resorting to 
spherical pulse waves. Let the instantaneous forward Mach cones, 
having the semi-apex angles y1,y2,y3  , be drawn from the corres- 
ponding points A1,A2,A3  ... on the flight path. The slant side 
of each cone A1B1, A7B2, A3B3  ... will be of length aTi, a22,aT3  
where T1,T2,T3  ... are the times taken for the source to travel 
from A1,A2,A3  ... respectively to its present position D. The 
surface drawn touching the base circles of all cones will give the 
instantaneous idach wave when the source is at D. The cusps can 
be located by determining which points satisfy the relation 
a(1;[ - 1) ss_ 
f cos a • 
Figures 15 and 16 show a three dimensional sectional model 
of the wave envelope formed by a source moving in a circle at a 
constant Mach number of 2. 
	
(Sea also figure 10), 
If, in the motion illustrated in figures 10,15 and 16, p 
/is the •00 
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i s  t h e  r a d i u s  o f  c u r v a t u r e  i n  t h e  c i r o u l a :  p a t h ,  t h e  r a d i u s  o f  t h e  
p u l s e  w a v e  a t  t h e  c u s p  i n  t h e  p l a n e  o f  t h e  m o t i o n  i s ,  b y  e q u a t i o n  
F 3 . 7 ,  
R =  p  c o s  a  	
8   9  
a n d  t h e  r a d i u s  o f  t h e  c i r c l e  g e n e r a  
L e d  b y  t h e  c u s p  i s  
1 4 1 .   
S i m i l a r l y  i n  t h e  m o t i o n  i l l u s t r a t e d  i n  f i g u r e  1 1 ,  i f  t h e  
e q u a t i o n  o f  t h e  e q u i a n g u l a r  s p i r a l  i n  p o l a r  c o o r d i n a t e s  i s  
0  
r  =  
r  o x p  
) r i   M
2
- 1  -  
w h e r e  M  i s  c o n s t a n t ,  t h e  r a d i u s  o f  t h e  p u l s e  r a v e s  a t  t h e  c u s p  
i n  t h e  p l a n e  o f  m o t i o n  i s  
P .  =  r  .  
i l m m e  
$ $ $ $ $ $  8 0 1 1  
H e n c e ,  t h e  c u s p  i s  s t a t i o n a r y  w i t h  r e s p e c t  t o  t h e  m o v i n g  
s o u r c e , s i n c e  t h e  s o u r c e  r e a c h e s  t h e  c e n t r e  o r  o r i g i n  a t  t h e  s a m e  
t i m e  a s  t h e  i n n e r  w a v e .  I f  t h e  s o u r c e  c o m p l e t e s  o n l y  o n e  r e v o l u -
t i o n  t h e  i n t e r n a l  M a c h  l i n e  t r a c e s  o u t  a  c i r c l e .  
S 9 .  T h e  s h a c k  w a v e  f o r m a t i o n  a r o u n d  i s o l a t e d  t w o - d i m e n s i o n a l  a n d  
a x i s y m m e t r i c  
 b o d i e s  o f  r e v o l u t i o n   
I n  t h i s  p a r a g r a p h  t h e  c h a n
c
e s  t h a t  o c c u r  i n  t h e  s y s t e m  
o f  s h o o k  w a v e s  a r o u n d  a  b o d y  i n  s t e a d y ,  a c c e l e r a t e d  o r  r e t a r d e d  
f l i g h t  w i l l  b e  d i s c u s s e d  a n d  c o m p a r e d .  
( i )  S t e a d y  
 m o t i o n  
O b s e r v a t i o n s  o f  t h e  f l o w  a r o u n d  b o d i e s  a t  s t e a d y  h i g h  
s u b s o n i c  s p e e d s  a b o v e  t h e  c r i t i c a l  M a c h  n u m b e r  s h o w  t h a t  a  s m a l l  
n e a r l y  n o r m a l  s h o c k  w a v e  i s  f o r m e d  n e a r  t h e  s u r f a c e  d o w n s t r e a m  o f  
t h e  s o n i c  p o i n t .  W i t h  i n c r e a s e  i n  M a c h  n u m b e r  t h i s  s h o c k  r a v e  
s p r e a d s  t o  a  g r e a t e r  d i s t a n c e  f r o m  t h e  s u r f a c e  a n d  a t  t h e  s a m e  
t i m e  m o v e s  b a c k  t o w a r d s  t h e  t r a i l i n g  e d g e .  T h e  l a t t e r  w a v e  i s  o f  
f i n i t e  l e n g t h ,  s i n c e  t h e  r e g i o n  o f  s u p e r s o n i c  f l a w  r e l a t i v e  t o  t h e  
b o d y  i s  f i n i t e  a l s o .  T h e  s h a p e  o f  t h e  t a i l  w a v e  i s  i n  g e n e r a l  
e i t h e r  b i f u r c a t e d ,  w i t h  i t s  r e a r  m e m b e r  n e a r l y  n o r m a l  t o  t h e  
s u r f a c e  o r  w a k e ,  o r  i t  i s  n e a r l y  n o r m a l  t o  t h e  s u r f a c e  i t s e l f .  
T h e  e x a c t  s h a p e  d e p e n d s  u p o n  t h e  f r e e s t r e a m  M a c h  n u m b e r ,  t h e  s h a p e  
o f  t h e  b o d y ,  a n d  t h e  i n t e r a c t i o n  w i t h  t h e  b o u n d a r y  l a y e r .  ( 1  5 )  
( 2 2 )  
 
T h e  e x t e n t  o f  t h e  t a i l  w a v e s  i n c r e a s e s  a s  t h e  s t e a d y  b o d y  s p e e d .  
t e n d s  t o  a  H a c h  n u m b e r  o f  u n i t y .  
/ A t  s t e a d y  
8  1 0  
At steady supersonic speeds a bow wave is formed ahead 
of the body. 
	 In becomes attached to the nose of the body, if its 
nose is sharp, above a certain Mach number, which is a function of 
the nose angle. Between the bow and tail waves there exist 
expansion waves which are formed either continuously over the sur-
face of a curved body or in the form of a fan of waves at the 
shoulders of a straight sided body, (see figure 5). 
	 The expansion 
waves are the means by which the flow, relative to the body, is 
accelerated between the bow and tail waves. The interaction of 
the expansion waves with the bow and tail waves reduces the latter's 
strength at a distance from the body. 
	 It has been shown by 
Lighthill(14) and others (1 5'.1) 
 that the shock wave pattern around 
two-dimensional aerofoils in steady motion at supersonic speeds 
can be represented by parabolas at large distances. 
As the Mach nwaber is reduced the above process is 
reversed, the bow wave becomes detached at a Mach number depending 
on the nose angle. The distance between the bow wave and the nose 
increases as the Mach number approaches unity from above and when 
the Mach number equals unity the separation distance is infinite. 
The pressure change ()cross the bow wave of a two-dimensional 




.0 is the Mach number of the aerofoil, 2ym  is its maximum 
thickness and y is the distance normal to the aerofoil. The 
pressure falls between the bow and tail shock waves and increases 
across the tail wave by a value similar to that given in equation 
9.1 above. 
The distance apart of the shock waves at distance y from 
the aerofoil of chord c is 
c 112 




c 	 C 
The corresponding calcUlations by V[hithcm, (17,18)  for a 
parabolic shaped body of revolution of fineness ratio 5 and 
length 4', show that across the bow wave 
1/8 p 	 2 	 5  
	
53 
	 (14.0-1) (y/n  3/4 po  
and a similar result holds for the tail wave. The distance apart 
of the shock waves is 
1. 82 - /1 )2 7 	 1/4-  8 (7 
/The ... 
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T h e  f o r m u l a e  a b o v e  a l l  a p p l y  t o  t h e  c a s e  o f  z e r o  b o d y  
i n c i d e n c e  a n d  w h e r e  t h e  s h o c k  w a v e s  c l o s e  t o  t h e  b o d y  a r e  n o t  t o o  
s t r o n g .  T h e  e f f e c t  o f  i n c i d e n c e  i s  r o u g h l y  t o  i n c r e a s e  t h e  
s t r e n g t h  o f  p a r t  o f  t h e  s h o c k  f r o n t  b y  a n  a m o u n t  s i m i l a r  t o  t h a t  
o b t a i n e d  w i t h  a  b o d y  o f  i n c r e a s e d  t h i c k n e s s .  
N o  a t t e m p t  h a s  b e e n  m a d e  t o  p r e s e n t  f o r m u l a e  f o r  t h e  
p r e s s u r e  c h a n g e s  a c r o s s  s h o c k  w a v e s  i n  s U b s o n i c  f l o w .  	
I t  i s  k n o w n  
t h a t  t h e  s t r e n g t h  o f  t h e s e  w a v e s  i s  n o t  n e g l i g i b l e  a n d  i t  w i l l  b e  
s h o w n  i n  t h e  n e x t  s u b - s e c t i o n  t h a t  t h e y  p l a y  a  v e r y  i m p o r t a n t  p a r t  
i n  d e t e r m i n i n g  t h e  s h o c k  f o r m a t i o n  i n  a c c e l e r a t e d  f l i g h t  t h r o u g h  
t h e  s p e e d  o f  s o u n d .  
( i i )  A c c e l e r a t e d  a n d  r e t a r d e d  m o t i o n  
T h e n  a  b o d y '-   i s  u n i f o r m l y  a c c e l e r a t e d  u p  t o  h i g h  s u b -
s o n i c  s p e e d s ,  b e l o w  t h e  c r i t i c a l  Y a c h  n u m b e r ,  t h e  f l o w  p a t t e r n  
a r o u n d  t h e  b o d y  a t  a n y  i n s t a n t  w i l l  n o t  b e  m a r k e d l y  d i f f e r e n t  
f r o m  t h a t  a t  t h e  c o r r e s p o n d i n g  s t e a d y  s p e e d .  T h e  c r i t i c a l  M a c h  
n u m b e r  w i l l  h o w e v e r  b e  a  f u n c t i o n  o f  t h e  a c c e l e r a t i o n  b u t  i t s  
c h a n g e  f r o m  t h e  s t e a d y  v a l u e  m a y  n o t  b e  s i g n i f i c a n t .  A t  f l i g h t  
s p e e d s  a b o v e  t h e  c r i t i c a l  t h e  b o d y  s h o c k  w a v e  b e g i n s  t o  d e v e l o p ,  
b u t  s i n c e  i t  c a n n o t  b e  f a r m e d  i n s t a n t a n e o u s l y  i t s  f o r m  a n d  p o s i t i o n  
w i l l  b e  a  l i t t l e  d i f f e r e n t  f r o m  t h a t  a t  t h e  c o r r e s p o n d i n g  s t e a d y  
s p e e d .  
	 L e t  u s  c o n s i d e r  t h e  g r o w t h  o f  t h i s  s h o c k  w e a v e  w h e n  a n  
a e r o f o i l  i s  a c c e l e r a t e d  s l o w l y  t h r o u g h  t h e  c r i t i c a l  M a c h  n u m b e r .  
J u s t  a f t e r  t h e  l o c a l  s p e e d  o f  t h e  f l o w  r e l a t i v e  t o  t h e  a e r o f o i l ,  
o u t s i d e  t h e  b o u n d a r y  l a y e r ,  r e a c h e s  s o n i c ,  a  r e g i o n  o f  s u p e r s o n i c  
f l o w  d e v e l o p s  o f  f i n i t e  e x t e n t .  A t  i t s  f o r w a r d  e n d ,  t h e  e x p a n s i o n  
w a v e s  a c c e l e r a t e  t h e  f l o w ,  w h e r e a s  n e a r  i t s  r e a r w a r d  e n d  t h e  c o m -
p r e s s i o n  w a v e s ,  w h i c h  r e t a r d  t h e  f l o w ,  c o a l e s c e  a n d  f o r m  a  w e a k  
s h o c k  w a v e  a p p r o x i m a t e l y  n o r m a l  t o  t h e  a e r o f o i l  s u r f a c e .  A s  t h e  
s p e e d  i n c r e a s e s  s o  t h e  r e g i o n  o f  s u p e r s o n i c  f l o w  
e x p a n d s  a n d  
t h e  
n o r m a l  s h o c k ,  
w h i c h  i s  i n c r e a s i n g  i n  h e i g h t ,  m o v e s  b a c k w a r d s  a p p r o x -  
i m a t e l y  n o r m a l  t o  i t s e l f .  
	
I f  b o u n d a r y  c o n d i t i o n s  a r e  f a v o u r a b l e ,  
f o r  i n s t a n c e  i f  b o u n d a r y  l a y e r  s e p a r a t i o n  o c c u r s ,  t h e  d i s t u r b a n c e s  
g e n e r a t e d  b y  t h e  s e p a r a t i o n  w i l l  c o a l e s c e  t o  f o r m  a  
s e c o n d  s h o c k  
w a v e  i n  f r o n t  o f  t h e  f i r s t .  T h e  f o r m a t i o n  o f  t h e  t w o  s h o c k  w a v e s  
w i l l  p r o b a b l y  b e  s i m i l a r  t o  t h e  f o r m a t i o n  o f  M a c h  w a v e s  a r o u n d  a n  
a c c e l e r a t e d  s o u r c e  ( s e e  f i g i i r e  7 ) .  	
T h e  r e s u l t  w i l l  b e  a  b i f u r -  
c a t e d  w a v e ,  w h o s e  r e a r  m e m b e r  i s  t h e  
o r i g i n a l  n o r m a l  
s h o c k .  	
I t  
c a n  e a s i l y  b e  s h o w n  t h a t  t h e  s t r e n g t h  o f  t h e  r e a r  m e m 7 s e r  w i l l  b e  
l e s s  t h a n  t h e  f r o n t  m e m b e r  o f  t h e  t a i l  w a v e .  
/ T h e n  t h e  . . .  
I n  w h a t  f o l l o w s  t h e  w o r d s  : J o d y  a n d  a e r o f o i l  w i l l  b e  u s e d  t o  
d e s c r i b e  t h e  s a m e  m o v i n g  o b j e c t .  
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When the subsonic speed is sufficiently high the Shock 
formation will reach the trailing edge (see figure 17). It should 
be remarked here that since the acceleration has been assumed small, 
the shook wave pattern at each speed should quickly develop to its 
corresponding steady state configuration. 
	 It can therefore be 
assumed that, since the steady state shock configuration is fairly 
well known so the accelerated shock pattern will also be known at 
high subsonic speeds. Thus so far no new ideas need be introduced 
when we consider the modification to the shock pattern consequent 
to an acceleration in the subsonic regime. 
This is not the case when we consider the effect of a 
retardation back to a subsonic speed below the critical. The tail 
shock waves will move slowly forward towards the nose and will not 
vanish as soon as the body speed drops below the critical Mach 
number. The shock waves will tend to coalesce into a single wave 
which moves ahead of the nose. The distance of separation will be 
a function of the future history of the body. The wave, or waves, 
will be weak and will be propagated with the speed of sound, They 
must, however, represent pressure waves of large amplitude and 
would be heard by an observer together with the remainder of the 
noise emitted by the body. 
	
Since these raves are of finite length 
and are approximately normal to the flight path when they leave the 
aerofoil, their effect, relative to the ground, will be very local-
ised. 
".'hen the acceleration of the aerofoil is continued so 
that its speed just reaches the speed of sound, a bow wave is formed, 
which, unlike the tail wave, remains approximately normal to the 
flight path, near the body, at least over a finite range of super-
sonic speeds. The bow wave commences to form ahead cf the body 
and its distance from the body is a function of the acceleration, 
the time history of the motion, and the body geometry. 
/At steady ... 
+ 	 It should be noted that experiments in wind tunnels at 
steady or unsteady speeds will not show these effects. This is 
because the instantaneous shock formation around the wind tunnel 
model, during an increase or decrease in speed, is the result of 
disturbances created at times immediately prior to the given in-
stant. Thus disturbances forming shock waves around the model 
during the time of accelerated flow cannot themselves form shook 
waves during the time of retarded flow, since by then they will 
have moved for downstream. 71hen the freestream Mach number 
fails below the critical the shock waves disappear. 
- 2 2 -  
A t  s t e a k  s o n d s L s p e e d   t h e  b o w  w a v e  w i l l  b e  a t  a n  i n f i n i t e  d i s t a n c e  
a h e a d  o f  t h e  n o s e ,  b u t  i n  t h i s  c a s e  t h e  m o t i o n  i s  i m p l i c i t l y  
a s s u m e d  t o  h a v e  b e e n  g o i n g  o n  f o r  a n  i n f i n i t e  t i m e  p r e v i o u s l y .  W e  
m u s t  e x p e c t  t h e r e f o r e  t h a t  f o r  a l l  p r a c t i c a l  f l i g h t  c a s e s  t h e  b o w  
w a v e  i s  a t  a  f i n i t e  d i s t a n c e  f r o m  t h e  n o s e .  T h e  b o w  w a v e  i s  n o t  
f o r m e d  i n s t a n t a n e o u s l y .  T h u s  f o r  
a  b o d y  i n i t i a l l y  a t  r e s t  t h e  
b o w  w a v e  c a n  s t r i c t l y  s p e a k i n g  o n l y  
r e a c h  
i t s  s t e a d y  s t a t e  c o n f i g -
u r a t i o n  a f t e r  a n  i n f i n i t e  t i m e .  I t  s h o u l d  a l s o  b e  n o t e d  t h a t  n o  
p r o o f  h a s  y e t  b e e n  a d v a n c e d  a s  t o  w h e t h e r  t h e  b o w  s h o c k  w a v e ,  
p r o d u c e d  b y  t h e  m o t i o n  o f  a n  a c c e l e r a t e d  b l u f f  b o d y ,  o c c u r s  w h e n  
t h e  s p e e d  i s  j u s t  s o n i c  o r  s l i g h t l y  l e s s  t h a n  s o n i c .  
	 I t  i s  k n  gi  
t h a t  i n  o n e - d i m e n s i o n a l  f l o w  s h o c k  w a v e s  o c c u r  a h e a d  o f  b o d i e s  a t  
s u b s o n i c  s p e e d s  i f  t h e y  a r e  a c c e l e r a t i n g .  	
I n  g e n e r a l  a s  a  b o d y  
a c c e l e r a t e s  a b o v e  t h e  s p e e d  o f  s o u n d  t h e  b o w  w a v e ,  a s  s t a t e d  a b o v e ,  
r e m a i n s  a p p r o x i m a t e l y  n o r m a l  t o  t h e  f l i g h t  p a t h ,  n e a r  t h e  b o d y ,  
a n d  i t  w i l l  b e c o m e  a t t a c h e d  t o  t h e  b o d y  a t  a  s u f f i c i e n t l y  h i g h  
s u p e r s o n i c  M a c h  n m b e r  d e p e n d i n g  o n  t h e  n o s e  s h a p e .  A w a y  f r o m  
t h e  b o d y  a x i s ,  t h e  i n t e r a c t i o n  o f  t h e  e x p a n s i o n  f a n  w i t h  t h e  s h o c k  
w a v e  r e d u c e s  i t s  i n c l i n a t i o n  r e l a t i v e  t o  t h e  f l i g h t  p a t h .  
	
I t  
m u s t  b e  e m p h a s i s e d  t h a t  t h e  f i e l d  o f  f l o e ,   a s s o c i a t e d  w i t h  a   b o d y   
o f  
f i n i t e  s i z e  p a r t i c u l a r l y L y a d  o f  i t  i n h i b i t s  t h e  f o r m a t i o n  
o f  a  c o n c a v e  b o w  w a v e  h a v i n g i m i l a r  t o  t h a t  s h o w n  i n  f i t  7 .   
I f  a n  a c c e l e r a t i o n  o c c u r s  a f t e r  a  b o d y  h a s  r e a c h e d  a  s t e a d y  s u p e r -
s o n i c  s p e e d ,  t h e  c u s p s  w h i c h  a r e  f o r m e d  i n  t h e  p i c t u r e  o f  M a c h  
w a v e s  ( s e e  f i g u r e  9 )  a r e  n o t  r e p r o d u c e d  w i t h  s h o c k  w a v e s .  A  
s i m p l e  a n a l y s i s  o f  t h e  f l o w  i n  t h e  l o o p  b e h i n d  t h e  f r o n t  w a v e  w i l l  
s h o w  w h y  s h o c k  w a v e s ,  w i t h  e x p a n s i o n  w a v e s  i n t e r a c t i n g  w i t h  t h e m ,  
c a n n o t  g e n e r a t e  t h i s  p a t t e r n .  T h e  e x p e r i m e n t s  i n  s h a l l o w  w a t e r ,  
d i s c u s s e d  b e l o w ,  s h o w  t h a t  i n  a l l  t h e  o b s e r v e d  c o n t i n u o u s  m o t i o n s  
s o  f a r ,  t h e  b o w  w a v e  h a s  r e m a i n e d  c o n t i n u o u s  a l s o .  
L e t  u s  n o w  c o n s i d e r  w h a t  c h a n g e s  o c c u r  i n  t h e  t a i l  w a v e  
p a t t e r n  a s  t h e  a c c e l e r a t e d  b o d y  e x c e e d s  t h e  s p e e d  o f  s o u n d .  
	 I t  
h a s  b e e n  s h o r n  a b o v e  t h a t  w h e n  t h e  b o d y  r e a c h e s  s o n i c  s p e e d  t h e  
f r o n t  m e m b e r  o f  t h e  t a i l  w a v e ,  i n  g e n e r a l ,  i s  i n c l i n e d  b a c k w a r d s ,  
r e l a t i v e  t o  t h e  d i r e c t i o n  o f  m o t i o n ,  n e a r  t h e  b o d y  a n d  b e c o m e s  
m o r e  n o r m a l  a t  a  d i s t a n c e .  A l s o ,  i n  g e n e r a l ,  a  r e a r  n e a r l y  n o r m a l  
w a v e  e x i s t s  i n  t h e  w a k e  o f  t h e  f r o n t  m e m b e r  o f  t h e  t a i l  w a v e ,  a n d  
i s  a t t a c h e d  t o  i t  a t  i t s  
o u t e r  
e x t r e m i t y .  A s  t h e  s p e e d  o f  t h e  
b o d y  i n c r e a s e s  s o  t h e  d i s t a n c e  
a p a r t  o f  t h e  t w o  
p a r t s  o f  t h e  t a i l  
w a v e  i n c r e a s e s  a l s o ,  
s i n c e  t h e  f r o n t  m e m b e r  i s  a t t a c h e d  t o  t h e  
b o d y ,  a n d  t h e  r o a r  m e m b e r  i s  m o v i n g  n o r m a l  t o  i t s e l f  a t  a p p r o x -
i m a t e l y  t h e  s p e e d  o f  s o u n d .  T h e  s a g 7 e e t e d  s h o c k  f o r m a t i o n  f o r  a  
b o d y  a c c e l e r a t e d  f r o m  s u b s o n i c  t o  s u p e r s o n i c  s p e e d &  i s  a  b o w  r a v e  
a h e a d  o f  o r  a t t a c h e d  t o  
t h e  n o s e  
a n d  s s p a r a t e d  f r o m  t h e  f r o n t  
t a i l  w a v e  b Y  a  s y s t e m  o f  e x p a n s i o n  w a v e s
,  a n d  a  r e a r  t r a n s v e r s e  
/ w a v e  . 4 .  
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wave joined  to the  front tail wave at its outer extemllz. (See 
figure 17). 
'Then the body is retarded (see figure 18) and its speed 
falls below the critical Mach number+ the bow wave will now be far 
ahead of the nose since it detaches itself from the body when the 
speed is a little above sonic.."-  The front tail wave will move 
slowly forward towards the nose and in doing so becomes approxi-
mately normal to the surface. Its shape changes and its curva-
ture becomes convex in the direction of motion. The rear tail 
wave moves towards the aerofoil, overtakes it and finally, it 
also moves ahead of the body. TheLauggaLt0 shook formation 
ahead of a booms  retarded from supersonic motion of finite dura-
tion to subsonic is a bow wave separated from the front tail wave 
by...L....system of expansion waves and trailing further behind a rear 
transverse wave .joined to the front tail wave at its outer 
extremity. If these three shock waves were formed around a body 
whose maximum speed only just exceeded the speed of sound,the waves 
will all be approximately plane and a simple calculation (15)  mill 
then show that the rear tail wave must eventually overtake the 
front tail wave, whilst the bow wave must move faster than the 
front tail wave due to the expansion waves letween them. Thus 
at a distance from the body we must expect to find either three 
or two shock waves, For higher maximum body speeds a similar 
result is to be expected. 
Thus for a simple body or aerofoil the formation of 
shocks far ahead of the region of accelerated and retarded motion, 
in which the motion of the body just exceeded the speed of sound, 
is not unlike the simple Mach patterns for a source executing a 
similar motion. The distance apart of the Itio' waves can be 
crudely calculated from the time history of the motion and in 
particular from the positions on the flight path at which sonic 
speed and the critical Hach number eras reached during the accel-
eration and retardation. A similar answer will be obtained if 
it ie assumed that the distance
s-
between   the bow and front tail 
waves, increases according to  t (15) where t is the time 
/after ... 
It appears that the critical Mach number in steady motion 
will be different from that in accelerated or retarded motion. 
In the latter cases the instantaneous flow pattern is a function 
of the previous time history of the body. 
++ The bow wave will commence to move away frcsu the nose of 
the body at a low supersonic l!laeh number which is a function of 
the body shape. 
a f t e r  t h e s e  w a v e s  d e t a c h e d  t h e m s e l v e s  f r o m  t h e  b o d y .  T h i s  r e s u l t  
w i l l  o n l y  a p p l y  t o  p l a n e  o r  n e a r l y  p l a n e  w a v e s  a n d  w i l l  t h e r e f o r e  
b e  a p p r o x i m a t e  o n l y  i n  a  r a n g e  o f  b o d y  s p e e d s  c l o s e  t o  s o n i c .  
T h e  r e s u l t s  o f  t h e  s h a l l o w  w a t e r  e x p e r i m e n t s  d i s c u s s e d  
b e l o w ,  s u p p o r t  t h e  a b o v e  q u a l i t a t i v e  a r g u m e n t .  H o w e v e r ,  t h e  
p o s s i b i l i t y  c a n n o t  b e  e x c l u d e d  t h a t  t h e  a r g u m e n t s  w i l l  r e q u i r e  
m o d i f i c a t i o n  i n  t h e  l i g h t  o f  m o r e  d e t a i l e d  e x p e r i m e n t  a n d  a  r i g -
o r o u s  a n a l y t i c  t r e a t m e n t .  
A n  e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h i s  p r o b l e m  c o u l d  o n l y  
b e  d o n e  c o n v e n i e n t l y  b y  p e r f o r m i n g  a  s e r i e s  o f  f r e e  f l i g h t  t e s t s  
u n d e r  f i x e d  c o n d i t i o n s  o f  a c c e l e r a t i o n  a n d  r e t a r d a t i o n .  T h e  
r e s u l t s  o b t a i n e d  f r o m  p r o j e c t i l e s  f i r e d  f r o m  g u n s  a r e  n o t  s u i t a b l e ,  
s i n c e  i n  t h i s  c a s e  t h e  b o w  w a v e  i s  f o r m e d  f i r s t  a t  t h e  i n s t a n t  
t h e  p r o j e c t i l e  p e n e t r a t e s  t h e  g u n  w a v e .  
	
T h e  b o w  w a v e  i s  t h e r e f o r e  
o f  g r e a t e r  e x t e n t  t h a n  t h e  t a i l  w a v e  a s  i s  s h o w n  i n  f i g u r e s  1 9  a n d  
( 1 9 )  
2 0 .  	 T h e  r e a r  t a i l  w a v e  i n  f i g u r e  2 0  b e a r s  a  s t r i k i n g  r e s e m -  
b l a n c e  t o  t h e  r e a r  t a i l  w a v e s  o b t a i n e d  b e h i n d  m o v i n g  b o d i e s  i n  
s h a l l o w  w a t e r .  
V e r y  l i t t l e  c a n  b e  s t a t e d  a b o u t  t h e  m a g n i t u d e  o f  p r e s s u r e  
a c r o s s  t h e  s h o c k  w a v e s  f a r  d i s t a n t  f r o m  t h e  a c c e l e r a t e d  a n d  r e t a r d e d  
b o d y .  F o r  s t r a i g h t  f l i g h t  p a t h s  t h e  p r e s s u r e  c h a n g e  i s  p r o b a b l y  
n o t  v e r y  d i f f e r e n t  f r o m  t h a t  c a l c u l a t e d ,  a t  a  s i m i l a r  d i s t a n c e ,  f o r  
a  b o d y  m o v i n g  a t  a  s t e a d y  s p e e d  c o r r e s p o n d i n g  t o  t h e  m a x i m u m  s p e e d  
d u r i n g  t h e  m a n o e u v r e .  A l t e r n a t i v e l y  w e  c a n  a s s u m e  t h a t  t h e  p r e s s u r e  
e x c e s s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  f r o m  t h e  s o u r c e  o r  
o r i g i n a t i o n  o f  t h e  w h o c k  w a v e .  
	
T h i s  r e s u l t  i s  c o r r e c t  f o r  t h e  
e x p a n s i o n  o u t w a r d s  o f  a  w e a k  s p h e r i c a l  s h o c k  w a v e  w h e n  i n t e r a c t i o n  
w i t h  e x p a n s i o n  w a v e s  i s  n e g l e c t e d .  F o r  c u r v e d  f l i g h t  p a t h s  t h e  
a p p r o x i m a t e  t h e o r y  o f  7 a r r e n
( 1 )  
c o u l d  b e  u s e d .  
§ 1 0 .  
E x p e r i m e n t s  i n  a  
h y d r a u l i c  
a n a l o g y   c h a n n e l  
A  s e r i e s  o f  s i m p l e  e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d  c n  
b o d i e s  m o v i n g  i n  s h a l l o w  w a t e r  i n  o r d e r  t o  e s t a b l i s h  t h e  s h o c k  
p a t t e r n  a r o u n d  b o d i e s  i n  a c c e l e r a t e d  a n d  r e t a r d e d  m o t i o n .  
	
I t  i s  
 
w e l l  k n o w n
( 2 0 )
t h a t  t h e  s u r f a c e  g r a v i t y  w a v e s  p r o p a g a t e d  b y  m o v i n g  
b o d i e s  i n  s h a l l o w  w a t e r  a r e  a n a l o g o u s  t o  t h e  i n f i n i t e s i m a l  d i s -
t u r b a n c e s  c a u s e d  b y  t h e  s a m e  t w o - d i m e n s i o n a l  b o d y  m o v i n g  t h r o u g h  
a  c o m p r e s s i b l e  g a s .  	
I n  w a t e r  t h e  w a v e  
v e l o c i t y  i s  a  f u n c t i o n  o f  
t h e  w a v e  l e n g t h  b u t  i f  a  d e p t h  o f  h  =  0 .  2 5 i n c h e s  i s  c h o s e n
( 2 1 )  
f o r  o r d i n a r y  t a p  w a t e r ,  t h e  
w a v e  v e l o c i t y ,  c ,  w i l l  b e  i n d e p e n d e n t  
o f  t h e  , ,
a v e l e n g t h , 7
` 1  ,  e x c e p t  f o r  t h e  s m a l l  c a p i l l a r y  w a v e s .  
T h u v W h e n  h / i \ < < 1  
c  	
=  	
. . . . . .  , . . . 1 0 . 1  
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It has been shown that the analogy applies only to a perfect gas 
whose ratio of specific heats, y = 2. 
	 The analogy is not exact 
between shock waves propagated in a gas and bores or hydraulic 
jumpsA. formed in water.(21) However, if the analogy is restricted 
to values of M 1.5 the differences can be neglected. 
	 It will 
be shown in the tests described below that large numbers of cap-
illary waves form upstream of the bores. Their presence is 
unavoidable although their effect on the formation of the bores is 
almost negligible. 
Since the strength of the bores, during an acceleration 
of a body to supercritical speeds++ 
 and after a retardation to 
subcritical speeds,are very small the reproduction of observed 
formations of bores by photographic methods is extremely difficult. 
The height of the bore corresponding to a pressure discontinuity 
of 10 lb. per sq.ft. in air is about 0.001 inches. 
	 The apparatus 
used was not designed for this investigation and great aPeurac;:r 
cannot be claimed for the results obtained. 
(i) Apparatus 
The tests were performed in a tank 5ft. long.  by 5ft. wide 
having a glass bottom (see figure 21). 	 The model was attached to 
a carriage mounted on rails fixed over the tank. The carriage 
was either moved by hand or its acceleration and deceleration were 
controlled by springs, fixed at one end to earth and to the 
carriage at the other end. 	 In the case of method (b) below, the 
spark was operated by means of a metal strip, placed on the side 
of the tank, coming in contact with a microswitch fixed to the 
carriage. Ordinary tap water was used to a depth of 0.25 inches, 
Photographic records were taken as follows.- 
(a) The glass bottom was covered on the inside with a flat 
metal plate. Glancing light was Obtained from three 250 watt 
photo-flood lamps. A 35mm camera was held either directly above 
the model or at an acute angle to the water surface. 
(b) The metal plate was removed and the water surface was 
illuminated by a short duration spark placed Aft. below the tank 
bottom. The exposures were made direct on Kodak bromide WSG 1.S 
paper placed 0.25 inches above the water surface. For these 
/tests • • • 
▪ In hydraulics the term hydraulic iumk is applied only to a 
stationary discontinuity in water surface and a moving discon-
tinuity is known as a bore. 
++ In this section apart from subsection (iii) the terms 
subcritical and supercriticall be used to denote body speeds 
less than or greater than sigh. 
- 2 6 -  
t e s t s  a  g r i d  o f  w i r e s  w a s  s u s p e n d e d  b e l o w  t h e  t a n k  b o t t o m  f r o m  
t h e  m o v i n g  c a r r i a g e .  
( c )  T h e  s u r f a c e  o f  t h e  w a t e r  w g s  c o m p l e t e l y  c o v e r e d  w i t h  
a l u m i n i u m  p a r t i c l e s  t o  g i v e  a  s t r o n g  r e f l e c t i o n  f r o m  t h e  s u r f a c e .  
T h e  e x p o s u r e s  w e r e  t a k e n  w i t h  a  1 / 4  p l a t e  c a m e r a .  
T h e  f o l l o w i n g  m o d e l s  w o r e  u s e d  
( 1 )  
0 . 5 i n .  c h o r d  a n d  0 . 1 8 i n .  m a x i m u m  t h i c k n e s s  
d o u b l e  w e d g e  s e c t i o n  
( 2 )  
3 . O i n .  c h o r d  a n d  1 . O i n .  m a x i m u m  t h i c k n e s s  
T h e  r e s u l t s  o b t a i n e d  b y  u s e  o f  t h e  t h r e e  m e t h o d s  ( a ) ,  
( b )  a n d  ( c )  a b o v e  w e r e  v e r y  s i m i l a r .  
	
B e s t  r e s u l t s  w e r e ,  h o w e v e r ,  
o b t a i n e d  w i t h  m e t h o d  ( c ) ,  a n d  i t  i s  f o r  t h i s  r e a s o n  t h a t  t h i s  
s e r i e s  a l o n e  w i l l  b e  d i s c u s s e d  b e l o w .  
( i i )  E x p e r i m e n t a l  r e s u l t s  
M e t h o d   ( c )   
T y p i c a l  r e s u l t s  a r e  s h o w n  i n  f i g u r e s  2 2  a n d  2 3 .  T h e y  
s h o w  t h e  g r o w t h  o f  t h e  b o w  w a v e  a n d  t h e  f r o n t  t a i l  w a v e  a s  w e l l  
a s  t h e  r e a r  t a i l  w a v e  
d u r i n g  a n  a c c e l e r a t i o n  a n d  r e t a r d a t i o n  f r o m  
s u b c r i t i c a l  t o  s u p e r c r i t i c a l ,  a n d  b a c k  t o  s u b c r i t i c a l  s p e e d s .  
F i g u r e  2 4  s h o w s  t h e  m o d i f i e d  w a v e  p a t t e r n  w h e n  a n  a e r o f o i l  i s  
a c c e l e r a t e d  t o  s u p e r c r i t i c a l ,  r e t a r d e d  t o  c r i t i c a l ,  a c c e l e r a t e d  
b a c k  t o  s u p e r c r i t i c a l  a n d  f i n a l l y  r e t a r d e d  t o  s u b c r i t i c a l  s p e e d s .  
F i g u r e  2 5  s h o w s  t h e  w a v e  p a t t e r n  a r o u n d  t a n d e m  a e r o f o i l s  d u r i n g  
a n  a c c e l e r a t i o n  a n d  r e t a r d a t i o n  f r o m  s u b c r i t i c a l  t o  s u p e r c r i t i c a l ,  
a n d  b e c k  t o  s u b c r i t i c a l  s p e e d s .  F i g u r e  2 6  s h o w s  t h e  w a v e  p a t t e r n  
a r o u n d  a n  a e r o f o i l  m o v i n g  i n  a  c i r c l e .  F i g u r e  2 7  s h o w s  d i a g r a m -
m a t i c a l l y  t h e  c h a n g e s  i n  t h e  w a t e r  l e v e l  a s s o c i a t e d  w i t h  t h e  
a c c e l e r a t e d  m o t i o n  a n d  S h o u l d  a s s i s t  i n  a n  a p p r e c i a t i o n  o f  t h e  
w a v e  p a t t e r n s  d e t a i l e d  i n  t h e  a b o v e  p h o t o g r a p h s .  
( i i i )  D i s c u s s i o n  
 o f  r e s u l t s  
D e t a i l e d  c o m m e n t s  o n  t h e  r e s u l t s  a r e  u n n e c e s s a r y  s i n c e  
t h e y  c o n f i r m  q u a l i t a t i v e l y  t h e  b r o a d  c o n c l u s i o n s  s t a t e d  i n  t h e  
e a r l i e r  p a r t s  o f  t h e  p a p e r .  
	 T h e  m a i n  r e s u l t s  a r e  a s  f o l l o w s . -  
( a )  A b o v e  t h e  c r i t i c a l  M a c h  n u m b e r  t h e  f r o n t  t a i l  w a v e  i s  
f o r m e d  a n d  a t  a p p r o x i m a t e l y  s o n i c  s p e e d  t h e  r e a r  t a i l  w a v e  a p p e a r s ,  
/ c o n n e c t e d  . . .  
T h e  r e s u l t s  w i l l  b e  d i s c u s s e d  i n  t e r m s  o f  t h e  a n a l o g o u s  
m o t i o n s  o f  t h e  a e r o f o i l s  t h r o u g h  a i r .  
	 T h u s  t h e  t e r m s  s u b s o n i c ,  
c r i t i c a l  a n d  s u p e r s o n i c  M a c h  n u m b e r s  h a v e  t h e i r  u s u a l  m e a n i n g s .  
S i n c e  a l l  t h e  r e s u l t s  r e f e r  t o  a c c e l e r a t e d  a n d / o r  r e t a r d e d  m o t i o n  
o f  a n  a e r o f o i l  t h e  w o r d s  a c c e l e r a t e d  a n d  r e t a r d e d  w i l l  o n l y  b e  
u s e d  w h e r e  i t  i s  e s s e n t i a l  t o  a v o i d  c o n f u s i o n .  
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connected to it at its outer extremity. 
(h) The rear tail wave is very weak except near its point 
of attachment to the front tail wave. 
(c) As the speed increases the rear tail wave moves back-
wards relative to the aerofoil. 
(d) When the speed falls below sonic, the bow wave becomes 
detached and moves off ahead of the nose. The front tail wave 
changes shape and becomes more normal close to the aerofoil. 
(e) The front tail wave moves slowly over the aerofoil 
surface and detaches itself from the nose when the speed falls 
below the critical Mach number. 	 It follows in the wake of the 
bow wave. 
(f) The rear tail wave overtakes the aerofoil, passes over 
it, and follows in the wake of the front tail wave. 	 It overtakes 
the latter in finite time which depends on the time history of the 
motion in the high subsonic and supersonic parts of the flight 
path. There are always one, two or more shock waves ahead of 
the nose of the aerofoil when it returns to subsonic speeds beaow 
the critical. 
(g) When an aerofoil is accelerated to supersonic, retarded. 
to subsonic, accelerated to supersonic and then retarded to sub-
sonic, the formation of shock waves ahead of the nose depends 
entirely on the time history of the motion and in particular on 
the speed reached during the first retardation. 
	
Two, three or 
four shock waves will result although some of the waves will 
coalesce after a finite time has elapsed. 
(h) The shock patterns around tandem aerofoils depend on 
their distance apart and their respective dimensions. 
§11. Discussion on the noise received 132=9110 observers when 
the time 2fsaa22/24c fli_ht is finite 
(i) Un!i.form aImmttere 
It has been shown in paragraph 7 above, that the noise 
received by a ground observer from a body travelling at supersonic 
speeds for a finite time is mainly a function of the shock waves 
around the body at each instant during the manoeuvre, together 
with the noise associated with the jet and boundary layers etc. 
/In order ... 
I n  o r d e r  t o  s e e  c l e a r l y  t h e  n a t u r e ,  i n t e n s i t y  a n d  d u r a t i o n  o f  t h e  
n o i s e  l e t  u s  c o n s i d e r  a  s p e c i f i c  e x a m p l e .  A  j e t  p r o p e l l e d  w i n g  
o f  c h o r d  l e n g t h  3 0 f t . ,  h a v i n g  a  c r i t i c a l  M a c h  n u m b e r  o f  0 . 9 ,  i s  
i n  a  v e r t i c a l  d i v e .  
	
I t  a c c e l e r a t e s  t h r o u g h  a  M a c h  n u m b e r  o f  
u n i t y  a t  3 5 , 0 0 0 f t . ,  a t t a i n s  a  m a x i m u m  M a c h  n u m b e r  o f  1 . 0 5  a t  
3 0 , 0 0 0 f t . ,  a n d  d e c e l e r a t e s  t h r o u g h  a  M a c h  n u m b e r  o f  u n i t y  a t  
2 5 , 0 0 0 f t .  	
T h e  a t m o s p h e r e  i s  a s s u m e d  t o  b e  u n i f o r m  t h r o u g h o u t  
a n d  i t s  d e n s i t y  a n d  s p e e d  o f  s o u n d  a r e  0 . 0 0 1  s l u g s  p e r  f t .
3  
a n d  
1 , 0 0 0 f t .  p e r  s e c ,  r e s p e c t i v e l y .  
	
T h i s  e x a m p l e  w a s  c o n s i d e r e d  i n  
r e f e r e n c e  ( 1 )  a n d  a  s i m i l a r  e x a m p l e  w a s  c o n s i d e r e d  i n  r e f e r e n c e  
( 2 ) .  	
I n  t h e  f i r s t  i n s t a n c e  l e t  u s  c o n s i d e r  t h e  n o i s e  r e c e i v e d  
b y  a n  o b s e r v e r  p o s i t i o n e d  o n  t h e  g r o u n d  d i r e c t l y  b e l o w  t h e  a i r c r a f t .  
S i n c e  t h e  a i r c r a f t  s p e e d  i s  s u b s o n i c ,  b e l o w  t h e  c r i t i c a l ,  f r o m  
6 0 , 0 0 0 f t .  d o w n  t o  3 6 , 0 0 0 f t .  t h e  m a i n  n o i s e  e m i t t e d  i n  t h i s  r e g i o n  
i s  f r o m  t h e  j e t .  
	
I f  w e  a s s u m e  t h a t  t h e  s o u n d  r a d i a t o r s  e m i t t i n g  
n o i s e  u p s t r e a m  o f  t h e  j e t  a r e  a t  r e s t  r e l a t i v e  t o  t h e  a i r c r a f t ,  
a n d  t h a t  t h e  j e t  n o i s e  i s  i n d e p e n d e n t  o f  t h e  a i r c r a f t  s p e e d  b u t  
i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  d i s t a n c e  f r o m  t h e  a i r c r a f t ,  
a  s i m p l e  c a l c u l a t i o n  s h o w s  t h a t  t h e  f i r s t  n o i s e  a r r i v i n g  a t  t h e  
g r o u n d  c o m e s  6 0  s e c s .  a f t e r  t h e  a i r c r a f t  c o m m e n c e d  i t s  d i v e .  T h e  
n o i s e  l e v e l  i s ,  s a y ,  7 4 . 5  
d e c i b e l s  o r  0 . 0 0 1  l b .  p e r  s q . f t .  r . m . s .  
p r e s s u r e .  T h e  n o i s e  l e v e l  r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t  f o r  a  
f u r t h e r  1 4 0 . 4  s e c s .  ( s e e  f i g u r e  2 8 ) ,  d u r i n g  w h i c h  t i m e  t h e  a i r c r a f t  
h a s  r e a c h e d  a  h e i g h t  o f  3 7 ,  0 0 0 f t .  a n d  a  M a c h  n u m b e r  o f  
0 . 8 .  
B e t w e e n  3 6 , 0 0 0 f t .  a n d  3 5 , 0 0 0 f t .  s h o c k  w a v e s  b e g i n  t o  
f o r m  o v e r  t h e  r e a r  o f  t h e  w i n g .  
	
T h e  n o i s e  f r o m  t h e  
j e t  t h a t  i s  e m i t t e d  f o r w a r d s  c a n  n o  l o n g e r  e s c a p e  p a s t  t h e  n o s e  o f  
t h e  b o d y  a n d  m u s t  p i l e  u p  b e h i n d  t h e  t a i l  s h o c k  w a v e .  T h i s  s h o c k  
w a v e  c o n t i n u e s  t o  e x p a n d  a n d  f o r m s  i t s  r e a r  m e m b e r  a t  a b o u t  s o n i c  
b o d y  s p e e d ,  t h a t  i s  w h e n  t h e  a i r c r a f t  h a s  r e a c h e d  3 5 , 0 0 0 f t .  T h e  
b o w  w a v e  n o w  f o r m s  a n d  i n c r e a s e s  i n  d i m e n s i o n s  a s  t h e  a i r c r a f t  
f a l l s  a  f u r t h e r  1 0 , 0 0 0 f t .  D u r i n g  t h i s  s a m e  p e r i o d  t h e  r e a r  p a r t  
o f  t h e  t a i l  w a v e  f a l l s  b e h i n d  t h e  a i r c r a f t  a n d  c o n t i n u e s  t o  
e n c o m p a s s  t h e  s o u n d  w a v e s  p r o d u c e d  b y  t h e  j e t  b e t w e e n  6 0 , 0 0 0 f t .  
a n d  3 5 , 0 0 0 f t .  w h i c h  d i d  n o t  e s c a p e  i n  f r o n t  o f  t h e  a i r c r a f t ,  a s  
w e l l  a s  t h e  n o i s e  e m i t t e d  b e t w e e n  3 5 , 0 0 0 f t .  a n d  2 5 , 0 0 0 f t ,  w h i c h  
w a s  e i t h e r  p r o p a g a t e d  i n  t h e  d o w n s t r e a m  d i r e c t i o n  f r o m  t h e  r e g i o n  
b e t w e e n  t h e  t w o  m e m b e r s  o f  t h e  t a i l  w a v e ,  o r  w a s  c r e a t e d  i n  t h e  
j e t  d o w n s t r e a m  o f  t h e  r e a r  t a i l  w a v e .  T h e  r e m a i n d e r  o f  t h e  j e t  
n o i s e  e m i t t e d  b e t w e e n  3 5 , 0 0 0 f t .  a n d  2 5 , 0 0 0 f t .  w i l l  b e  c o n f i n e d  t o  
t h e  r e g i o n  b e t w e e n  t h e  f r o n t  a n d  r e a r  m e m b e r s  o f  t h e  t a i l  w a v e .  
A t  2 5 , 0 0 0 f t .  t h e  b o w  s h o c k  w a v e  s e p a r a t e s  f r o m  t h e  n o s e  o f  t h e  
w i n g  a n d  r e a c h e s  t h e  g r o u n d  a p p r o x i m a t e l y  2 0 0 . 8  s e c s .  a f t e r  t h e  
c o i n i l e n c e r a e n t  
o f  t h e  m a n o e u v r e .  
	
F i g u r e  
2 8  
a l s o  s h o w s  t h a t  s o m e  
o f  t h e  n o i s e  e m i t t e d  a t  3 6 , 5 0 0 f t .  a r r i v e s  a t  t h e  s a m e  i n s t a n t .  
/ H o w
e v e r  . . .  
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However the intensity of the latter noise is small compared with 
2 lb. per sq.ft. which is the estimated increase in pressure 
across the bow wave near the ground according to reference (1). 
The expansion waves will now meet the ground and will tend to 
reduce the excess pressure to a suction. However, in this same 
period the reflection of the bong wave from the ground, and 
adjacent buildings, will pass the observer (i.e. about 0.01 secs. 
after the passage of the bow wave). Thus the bow wave and its 
reflections will give rise to a one prolonged crack or boom. 
Let us now follow the path of the front tail wave. It 
cannot leave the aircraft until the speed has dropped to the 
critical ilach number of 0.9 which occurs at 19,000ft. 	 Its rear 
wave has lagged behind and although it was 230ft. behind the nose 
at 25,000ft. it catches up with the front tail rave at about 
20,000ft. 	 Hence when the tail wave separates from the nose 
	 it 
is 230ft. behind the bow wave. The tail wave reaches the ground 
0.23 secs, after the bow wave and is also heard as a prolonged 
crack or boom. The increased distance between the bow and tail 
waves due to the spreading effect of the expansion waves will 
cause the delay time, between the arrival of the two shock waves 
at the ground, to increase to about 0.24 secs. 	 The rise in 
pressure across the tail shock cancels out the suction produced 
by the expansion waves. The mean pressure aft of the tail wave, 
neglecting the reflection effects, is approximately ambient 
atmospheric pressures  
Part of the jet noise created between 25,000ft. and 
35,000ft., in that order, will be heard immediately afterwards. 
This will be followed by the remainder of the jet noise created 
between 25,000ft. and 35,000ft. and the 'subsonic noise' emitted 
between 35,000ft. and 60,000ft. The jet noise spectrum will be 
modified by Doppler effect and the jet noise will appear to the 
observer, first as a high pitched shriek followed by a low pitched 
roar. 
In this example therefore two bangs or  booms are 
heard., each of about 0.02 seconds duration separated byahat.lit 
0.2 seconds. 
If in a similar example the Each number fell to 0.9 
at 24,000ft., instead of 9,000ft. the front tail wave would leave 
the aircraft only 50ft. behind the bow wave and the rear tail wave 
would still be 180ft. further behind the front tail wave. 	 Hence 
the time interval between the bow and front tail waves striking 
the ground would be 0.05 sees. and the rear tail wavemuld follow 
about 0.20 sees. later. 
	 The first and second booms would be 
of considerably 0- eater amplitude than the third. 
/If use ... 
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I f  w e  c o n s i d e r  t y p i c a l  e x a m p l e s  r e l a t i n g  t o  t h e  f l i g h t  
o f  m i s s i l e s  a t  l o w  a l t i t u d e s  w e  c a n  s h o w  t h a t  t h e  t i m e  d e l a y  
b e t w e e n  t h e  b o w  a n d  t a i l  w a v e s  m a y  b e  l i t t l e  
g r e a t e r  t h a n  0 . 0 3  
s e c o n d s  a n d  t h e  r e a r  w a v e  a r r i v e s  a b o u t  0 . 2 0  s e c s .  l a t e r .  
	
I n  
t h i s  
c a s e  
t h e  t i m e  d e l a y  b e t w e e n  t h e  b o w  a n d  t a i l  w a v e s ,  a l l o w i n g  
f o r  t h e  e f f e c t s  o f  r e f l e c t i o n ,  r e v e r b e r a t i o n  a n d  t h e  a f t e r s o u n d ,  
i s  i n s u f f i c i e n t  f o r  t w o  s e p a r a t e  b o o m s  t o  b e  h e a r d .  A n  o b s e r v e r  
w i l l  e x p e r i e n c e  o n e  l a r g e  b o o m  f o l l o w e d  0 . 2 0  s e c s .  l a t e r  b y  o n e  
w e a k  b o o m .  
7 e  h a v e  c o n s i d e r e d  a b o v e ,  t h e  s e q u e n c e  o f  t h e  b o o m s  a n d  
j e t  n o i s e  w h i c h  i s  h e a r d  b y  a n  o b s e r v e r  s t a t i o n e d  d i r e c t l y  u n d e r  
t h e  a i r c r a f t .  
	
L e t  u s  n o w  c o n s i d e r  t h e  n o i s e  h e a r d  b y  a n  
o b s e r v e r  w h o  i s  i n  l i n e  w i t h  t h e  n o r m a l  t o  t h e  f r e e s t r e e m  M a c h  
w a v e  a t  t h e  p o s i t i o n  a l o n g  t h e  f l i g h t  p a t h  a t  w h i c h  t h e  a i r c r a f t  
r e a c h e d  i t s  m a x i m u m  s p e e d .  H e  w i l l  h e a r  b o t h  t h e  b o w  a n d  f r o n t  
t a i l  w a v e s  o n l y ,  s i n c e  t h e  r e a r  t a i l  w a v e  w i l l  b e  e i t h e r  v e r y  c l o s e  
t o  o r  w i l l  h a v e  o v e r t a k e n  t h e  f r o n t  t a i l  w a v e .  H e n c e  e i t h e r  o n e  
o r  t w o  b o o m s  w i l l  b e  h e a r d  d e p e n d i n g  o n  w h e t h e r  t h e  t i m e  d e l a y  
b e t w e e n  t h e  t w o  s h o c k  w a v e s  i s  l e s s  t h a n  o r  g r e a t e r  t h a n  0 . 0 2  s e c s .  
a p p r o x i m a t e l y .  T h e  s e q u e n c e  a n d  n u m b e r  o f  b o o m s  d e  e n d s  c r i t -
i c a l l z p a t h s a i g h L .p r Z c h  a n d  t l I a _ p o s i t i o n   o f  t h e  o b s e r v e r .  
' b e n  t h e  m a x i m u m  s p e e d  o f  t h e  a i r c r a f t  e x c e e d s  t h e  M a c h  
n u m b e r  c o r r e s p o n d i n g  t o  a t t a c h e d  s h o c k  w a v e s  a t  t h e  n o s e  o f  t h e  
b o d y ,  w i n g s  e t c . ,  t h e  s i m p l i f i e d  p i c t u r e  a b o v e  w i l l  n o t  n o w  h o l d .  
T h e  n u m b e r  o f  s h o c k  w a v e s  w h i c h  a r e  p r o p a g a t e d  f o r w a r d s  w h e n  t h e  
a i r c r a f t  s p e e d  f a l l s  b e l o w  t h e  c r i t i c a l  M a c h  n u m b e r  m a y  e x c e e d  
t h r e e .  T h e  n u m b e r  d e p e n d s  o n  t h e  a i r c r a f t  g e o m e t r y  a n d  t h e  t i m e  
h i s t o r y  o f  t h e  m a n o e u v r e .  	
I n  o r d e r  t o  d e t e r m i n e  w h e t h e r  a n  
o b s e r v e r  w i l l  h e a r  b o o m s  o r  n o t ,  i t  w i l l  n r o b a b l y  b e  s u f f i c i e n t l y  
a c c u r a t e ,  f o r  m a n y  p r a c t i c a l  p u r p o s e s ,  t o  c o n s t r u c t  t h e  c o m p l e t e  
E a c h  w a v e  p a t t e r n  ( s e e  f i g u r e  1 2 )  a t  e a c h  i n s t a n t  a l o n g  t h e  f l i g h t  
p a t h  a n d  b e y o n d ,  a r o u n d  a  m o v i n g  p o i n t  s o u r c e  W h i c h  r e p l a c e s  t h e  
a i r c r a f t .  
	
I n  t h i s  s i m p l i f i e d  a p p r o a c h  t h e  c r i t e r i o n  t h a t  a n  
o b s e r v e r  w i l l  h e a r  a  b o o m ,  i s  t h a t  t h e  c o m p o n e n t  o f  t h e  s p e e d  o f  
t h e  s o u r c e  a l o n g  t h e  i n s t a n t a n e o u s  l i n e  j o i n i n g  t h e  s o u r c e  t o  
t h e  o b s e r v e r  m u s t  b e  s o n i c . ( 1 )  
4 -  
 T h i s  c r i t e r i o n  c l e a r l y  d o e s  n o t  
s t r i c t l y  a p p l y  t o  t h e  b o d y  o f  f i n i t e  s i z e  e v e n  t h o u g h  t h e  s h o c k  
w a v e s  f a r  d i s t a n t  f r o m  t h e  b o d y  a r e  
w e a k .  
B y  d e f i n i t i o n ,  t h i s  l i n e ,  a l o n g  w h i c h  t h e  c o m p o n e n t  o f  t h e  
s o u r c e  s p e e d  i s  s o n i c ,  i s  n o r m a l  t o  a  M a c h  w a v e .  
..31-- 
(ii) Non--uniform atmosuhere 
When shock waves are propagated in a non-uniform atmos-
phere they suffer refraction due to variations in wind velocity 
and temperature with altitude. If we assume that far distant 
fran the body the shock waves are travelling at the speed of sound 
normal to themselves, then a simple calculation( ) shows that the 
condition for the waves originating at height, h1  say, to be 
refracted parallel to the ground at the height h2  is (see figure 
a sin 31 	 v1 	 2 
sin 01 
where 1 is the angle the sound ray, (i.e. the normal to the Mach 
wave), makes with the ground normal; 0 is the angle the sound 
ray makes with the ground normal when the wind velocity is 
included; a is the speed of sound; v is the horizontal compon-
ent of the wind_ velocity. 	 Suffix '1' refers to conditions at a 
given altitude h1 and suffix '2' 	 to 	 the altitude h2 at 
which the rays are parallel to the ground. 
If 0 is the angle the flight path makes with the 
ground normal when the body speed is U1, then if v 0 and II 
is the Hach angle, 
13 	 0 a p, 	 7  + 0 	 11.2 
and equation 11.1 reduces to 
a, sin 131 1 
sin 
	 11.3 
Thus when 0 equals 2-t  equation 11.3 shows that the 
waves will be refracted back at height h2 where the speed of 
sound, a2, is equal to the speed of the body, U1  , at height 
h
1  . 	
If an aircraft+  is in a shallow dive at 0 = 750  to the 
ground normal at h = 40,000ft., and the Mach number at this 
instant is 1.1, equation 11.3 shows that refraction of the rays 
upwards will coaience at 25,000ft. rihether or not the remaining 
waves will reach the ground depends on the spatial extent of the 
wave which in turn is critically related to the time history of 
the aircraft motion. 
(iii) Steadyflisht2.1222ersonic speeds 
Although at first sight this problem should afford a 
simple solution, regarding the time sequence and the intensity of 
29) 
a2 sin p2 + v2 
+ In this example the aircraft is represented as a point source. 
The atmosphere is assumed to be the Standard Atmosphere. 
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n o i s e  p r o d u c e d  b y  t h e  s h o c k  w a v e s  p a s s i n g  a  g r o u n d  
o b s e r v e r ,  i t  
s t i l l  r e q u i r e s  a  d e t a i l e d  k n o w l e d g e  o f  t h e  s h o c k  p a t t e r n  a r o u n d  
t h e  c o m p l e t e  a i r c r a f t .  O n c e  t h i s  i s  k n o w n  t h e  s o l u t i o n  f o l l o w s  
f r o m  e q u a t i o n s  9 . 1  
t o  9 . 2; .  
i n c l u s i v e .  
	
I t  i s  w o r t h  n o t i n g  { s e e  
f i g u r e  3 0 )  t h a t  f o r  a  g i v e n  a i r c r a f t  a t  a  g i v e n  h e i g h t  t h e  
p r e s s u r e  i n c r e a s e  a c r o s s  t h e  s h o c k  w a v e s  d o e s  
n o t  i n c r e a s e  r a p i d l y  
w i t h  i n c r e a s e  i n  I l a c h  n u m b e r .  T h e n  t h e  f l i g h t  p a t h  i s  p a r a l l e l  
t o  t h e  g r o u n d  ( i . e .  6  =  
	
e q u a t i o n  1 1 . 3  s h o w s  t h a t  t h e  s h o c k  
w a v e  p a t t e r n  w i l l  n o t  p e n e t r a t e  b e l o w  a l t i t u d e s  a t  w h i c h  t h e  l o c a l  
s p e e d  o f  s o u n d  i s  g r e a t e r  t h a n  t h e  f o r w a r d  s p e e d  o f  t h e  a i r c r a f t .  
I t  c a n  b e  s h a m  f r o m  e q u a t i o n  1 1 . 1 ,  f o r  b o d i e s  m o v i n g  
a t  u n i f o r m  s u p e r s o n i c  s p e e d  a n d  a t  c o n s t a n t  a l t i t u d e ,  t h a t  i t  i s  
o n l y  f o r  f o r v i a r d  s p e e d s  a t  l o w  s u p e r s o n i c  i i a c h  n u m b e r s  t h a t  t h e  
s h o c k  w a v e s  a r e  r e f r a c t e d  b a c k  t o  h i g h e r  a l t i t u d e s .  T h u s  f o r  
f l i g h t  j u s t  a b o v e  s o n i c  s p e e d  a t  h i g h  a l t i t u d e  t h e  s h o c k  w a v e s  
w i l l  n o t  b e  t r a n s m i t t e d  t o  g r o u n d  l e v e l .  
T h e  n o i s e  h e a r d  b y  a  
g r o u n d  o b s e r v e r  w o u l d  t h e n  b e  l i m i t e d  t o  t h a t  o f  t h e  j e t  e t c .  
§ 1 2 .  F u t u r a t p r o b l e m s  r e l a t e d  t o  t h e  n o i s e  f r o m  b o d i e s  f l y i n g   a t  
s u p e r s o r i p . s 2 2 d s _  
I n  t h i s  s e c t i o n  s o m e  o f  t h e  m o r e  i m p o r t a n t  p r o b l e m s  a r e  
d i s c u s s e d  w h i c h  w i l l  i n  a l l  p r o b a b i l i t y  r e q u i r e  c o n s i d e r a t i o n  
b e f o r e  f r e q u e n t  s u p e r s o n i c  f l i g h t s  a t  b o t h  l o w  a n d  h i g h  a l t i t u d e s  
c o u l d  b e  r e a d i l y  t o l e r a t e d  o v e r  t o w n s  a n d  c i t i e s .  
( i )  G r o u n d  l e v e l  e f f e c t s  
I t  h a s  b e e n  s h o w n  i n  t h e  d i s c u s s i o n s  a b o v e ,  t h a t  f o r  a n  
a i r c r a f t  f l y i n g  a t  s u p e r s o n i c  s p e e d s  t h e  s h o c k  w a v e s ,  w h i c h  a r e  
f o r m e d  a r o u n d  t h e  a i r c r a f t ,  w i l l  b e  t r a n s m i t t e d ,  i n  g e n e r a l ,  t o  
g r o u n d  l e v e l .  T h e  i n t e n s i t y  o f  t h e s e  s h o c k  w a v e s  i n c r e a s e s  g r e a t l y ,  
n o t  a s  m i g h t  h a v e  b e e n  e x p e c t e d  f r o m  i n c r e a s e  i n  s p e e d ,  b u t  f r a n  
a  d e c r e a s e  i n  t h e  a l t i t u d e  o f  f l i g h t .  	
T h e  t i m e  i n t e r v a l  f c r  t h e  
p a s s a g e  o f  t h e s e  s h o c k  w a v e s  w i l l  i n  g e n e r a l  b e  s m a l l ,  b u t  i t  m u s t  
n o t  b e  o v e r l o o k e d  t h a t  t h e  p a i n  a n d / o r  p h y s i c a l  d i s t r e s s  t o  
p e r s o n s  e x p o s e d  t o  s h o c k  w a v e s  o f  f r e q u e n t  o c c u r r e n c e  m a y  n o t  b e  
t o l e r a b l e .  
	
I t  i s  s t a t e d  i n  r e f e r e n c e  2 3  t h a t  a  h i g h  n o i s e  l e v e l  
o f  1 4 0  d e c i b e l s  a b o v e  0 . 0 0 0 2  d y n e  
p e r  c m
2  
c a u s e s  p h y s i c a l  p a i n  
w h e r e a s  a  n o i s e  l e v e l  o f  1 6 0  d b  c a u s e s  m e c h a n i c a l  d a m a g e  t o  t h e  
i n n e r  e a r .
+  
T h e s e  v a l u e s  o f  n o i s e  l e v e l  
c o r r e s p o n d  t o  
p r e s s u r e s  
a b o u t  4 . 0  a n d  4 0 1 b  p e r  s q .  f t .  r . i n .  s .  r e s p e c t i v e l y .  
	 I t  c a n  b e  
 
/ s h o w n  
•  •  •  
   
+  N o t h i n g  h a s  b e e n  s a i d  r e l a t i v e  t o  t h e  d a m a g e  o f  p r o p e r t y  b y  
s h o c k  w a v e s .  
	
I t  i s  f e l t ,  h o w e v e r ,  t h a t  t h i s  p r o b l e m  h a s  b e e n  
d i s c u s s e d  m u c h  m o r e  f u l l y  i n  p a p e r s  r e l a t i n g  t o  t h e  d a m a g e  o f  
b u i l d i n g s  e x p o s e d  t o  h i g h  e x p l o s i v e  b l a s t .  
	
I n  t h i s  c o n n e c t i o n  
i t  i s  w o r t h  n o t i n g  t h a t  1 6 0  d e c i b e l s  n o i s e  l e v e l  c o r r e s p o n d s  t o  a  
p r e s s u r e  a b o u t  2 +
0  l b .  p e r  s i , f t .  r . m . s .  
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shown from figure 30, however, that provided aircraft in straight 
and level flight at supersonic speeds operate at altitudes above 
5000ft. these values of pressure excess are unlikely to be exceeded. 
If a limit of 120 db above 0.0002 dyne/amt  is set then aircraft 
must operate at altitudes above 20,000ft. at a Mach number of 2.0 
and above 22,000ft. at a Hach number of 3.0. 	 There still remains 
the problea of assessing the allowable height above which aircraft 
manoeuvres, such as diving, must be restricted in order to ensure 
that the shock waves reaching ground level have a pressure excess 
below the limiting values above. 	 It has been stated in section 9 
that the pressure change across the shock waves emitted by an air-
craft in a vertical dive, during which supersonic speeds were 
reached for a finite time, can be calculated approximately as 
follows. The pressure change at h feet below the point on the 
flight path at which the maximum supersonic speed was reached, is 
assumed equal to the similar pressure change at a normal distance 
of h feet from the same body moving at a steady Mach number equal 
to that of the maximum Mach number during the dive. It immediately 
follows that the some conditions for noise abatement apply to air-
craft both in steady and diving flight. Thus if a limit of 120 db 
. 
above  0.0002 dyne per um 2  ms seethe  tentative conclusion is that 
aircraft  must f! supersonically  at altitudes in excess of 20,000ft. 
(ii) F11-ing_m211-ms 
In this subsection we will consider some of the more 
obvious problems which must arise from the flight of aircraft at 
supersonic speeds. 
7e have shown above that the tail shock waves move towards 
the nose of a body as it decelerates below the critical Mach number. 
The pressure changes across these shock waves will, in general, be 
very much greater than 24,0 lb. per sq.ft. and it is therefore per-
tinent to ask the question as to whether or not the pilot, crew, 
and passengers will experience a very loud explosive bang as these 
shock waves travel over the body. The probable answer is that 
the passage of the shock wave will be heard but it seems likely 
that the increase in noise level and the time duration will be 
decreased and increased respectively as compared with booms heard 
at ground level. This is inferred from the fast that the pressure 
rise across the shock wave suffers appreciable diffusion in the 
subsonic viscous boundary layer adjacent the body surface. 
similar problem relates to the noise experienced inside 
the cabin of a low speed aircraft as an aircraft moving at super-
sonic speeds flies past. The separation distances of the two 
aircraft are assumed to be less than 4 miles. 	 (if the distance 
/is greater ... 
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i s  g r e a t e r  t h e  p r o b l e m  c a n  b e  d i s c u s s e d  o n  s i m i l a r  l i n e s  t o  t h a t  
d e s c r i b e d  i n  s u b s e c t i o n  ( i )  a b o v e ) .  A l t h o u g h  i n  s u c h  c a s e s  s o m e  
d i f f u s i o n  o f  t h e  p r e s s u r e  r i s e  a c r o s s  t h e  s h o c k  w a v e s ,  w h i c h  s t r i k e  
t h e  l o w  s p e e d  a i r c r a f t ,  s t i l l  o c c u r s  i n  t h e  v i s c o u s  b o u n d a r y  l a y e r  
a d j a c e n t  t o  t h e  s u r f a c e  o f  t h e  l o w  s p e e d  a i r c r a f t ,  t h e  a m o u n t  o f  
d i f f u s i o n  w i l l  p r o b a b l y  b e  i n s u f f i c i e n t  t o  s u p p r e s s  t h e  b o o m .  H e r e  
a g a i n  w e  a r e  f o r c e d  t o  t h e  c o n c l u s i o n  t h a t  t o  a v o i d  v e r y  u n p l e a s a n t  
o r  e v e n  d a n g e r o u s  e f f e c t s  s u p e r s o n i c  f l i g h t  o f  a i r c r a f t  m a y  h a v e  t o  
b e  l i m i t e d  t o  t h e  r e g i o n  o u t s i d e  a  r a d i u s  o f  a t  l e a s t  f o u r  m i l e s  
f r o m  e i t h e r  t h e  n e a r e s t  a i r c r a f t  o r  g r o u n d  l e v e l .  
A l t h o u g h  i t  i s  o u t s i d e  t h e  s c o p e  o f  t h i s  p a p e r  t o  d i s c u s s  
t h e  p r o b l e m s  o f  s t a b i l i t y  a n d  c o n t r o l  o f  a i r c r a f t  i n  a c c e l e r a t e d  
a n d  r e t a r d e d  f l i g h t  a t  s u b s o n i c  a n d  s u p e r s o n i c  s p e e d s  c o n s e q u e n t  
o n  t h e  m o v e m e n t  a n d / o r  p a s s a g e  o f  s h o c k  w a v e s  a c r o s s  t h e  w i n g s  o r  
b o d y  t h e r e  c a n  b e  l i t t l e  d o u b t  t h a t  t h e s e  e f f e c t s  a r e  i m p o r t a n t .  
T h e s e  p r o b l e m s  a r e
-
m a d e  m o r e  d i f f i c u l t  s i n c e  t h e  t h e o r y  h a s  y e t  t o  
b e  c o m p l e t e d  a n d  r e l e v a n t  e x p e r i m e n t s  i n  t h e  w i n d  t u n n e l  a r e  d i f f i -
c u l t  t o  p e r f o r m .  T h e  b e s t  a p p r o a c h  i s  p r o b a b l y  t h a t  o f  f r e e  f l i g h t  
e x p e r i m e n t s  u n d e r  c o n d i t i o n s  o f  f i x e d  a c c e l e r a t i o n  a n d  r e t a r d a t i o n .  
A  p o i n t  t h a t  m a y  n e e d  c o n s i d e r a t i o n  i s  t h e  p o s s i b l e  e f f e c t s  o n  t h e  
c o n t r o l  c h a r a c t e r i s t i c s  o f  a  l o w  s p e e d  a i r c r a f t  a s  s h o c k  w a v e s ,  
f r o m  p a s s i n g  
s u p e r s o n i c  a i r c r a f t ,  t r a v e l  o v e r  t h e i r  c o n t r o l  s u r f a c e s .  
I t  i s  c l e a r  
t h a t  t h e  a d v e n t  o f  s u p e r s o n i c  f l i g h t  w i l l  b r i n g  w i t h  i t  
a  n u m b e r  o f  p r o b l e m s  a n d  p o s s i b l y  h a z a r d s  o f  
a  k i n d  t h a t  w e  h a v e  n o t  
h i t h e r t o  h a d  t o  c o n e i d e r - s e r i o u s l y .  
§ i  3 .  
A c k n o w l e d w e m e n t  
T h e  a u t h o r s  w i s h  t o  t h a n k  m a n y  o f  t h e i r  c o l l e a g u e s  f o r  
h e l p  a n d  c r i t i c i s m  r e l a t i n g  t o  t h e  p r e p a r a t i o n  o f  t h i s  
p a p e r .  T h e  
s u b j e c t  h a s  a t t r a c t e d  
w i d e  a n d  c o n s i d e r a b l e  
i n t e r e s t ,  a n d  i t  m u s t  
b e  a c k n o w l e d g e d  t h a t  m a n y  o f  t h e  i d e a s  m e n t i o n e d  i n  t h i s  p a p e r  h a v e  
a r i s e n  o u t  o f  d i s c u s s i o n s  b o t h  i n s i d e  a n d  o u t s i d e  t h e  C o l l e g e  o f  
A e r o n a u t i c s .  
§ 1 4 .  C o n c l u s i o n s  
( i )  I t  h a s  b e e n  s h o w n  t h a t  t h e  
n o i s e  p r o b l e m  
a s s o c i a t e d  w i t h  
a n  a i r c r a f t  f l y i n g  a t  s u p e r s o n i c  s p e e d s  d e p e n d s  p r i m a r i l y  o n  t h e  
s h o c k  w a v e  p a t t e r n  f o r m e d  b y  t h e  a i r c r a f t .  
( 2 )  
-
T h e n  a  b o d y  a c c e l e r a t e s  
t o  s u p e r s o n i c  ; ' . d e e d s  t h r e e  m a i n  
s h o c k  w a v e s  a r e  f o r m e d ,  v i z .  t h e  b o w  w a v e ,  t h e  f r o n t  t a i l  w a v e  a n d  
/ t h e  r e a r  . . .  
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the rear tail wave. The existence of the rear tail wave and 
related phenomena has been established from a theoretical discussion 
of the Mach waves generated by an accelerated and retarded source 
and experimentally by the use of towed model in a hydraulic analogy 
tank. The shock waves are each of finite dimensions which depend 
on the time history of the motion. 
	 It is noted that the steady 
shock wave pattern is strictly speaking established only after the 
steady motion has persisted for an infinite time. 
(3) When the body now decelerates to subsonic speeds below 
the critical Mach number it is shown that (i) the bow wave moves 
away from the nose of the body when the sp-:cd has fallen to a low 
supersonic Each number, (ii) the front tail wave changes shape 
and moves slowly towards the nose of the body and separates when 
the speed has fallen below the critical Mach number, (iii) the 
rear tail wave moves towards the tail of the body, eventually travels 
over the body and follows in the wake of the bow and front tail 
waves. Under favourable conditions the rear tail wave coalesces 
with the front tail wave before the speed of the body has fallen 
below the critical Hach number. 
(4) An analysis of the time sequence and intensity of these 
moving shock waves, which are formed say by an aircraft diving 
from a high altitude when the Mach number exceeds unity for a 
limited period, shows that they must be the cause of the booms 
experienced recently by ground observers. 
() The effects of these shock waves, formed by bodies in 
both steady and unsteady flight, on people on the ground and near 
other flying aircraft are analysed. It is shown that provided 
aircraft flying at supersonic speeds up to Mach number of 3, restrict 
their flights to altitudes greater than 22,000 ft., and are at 
least 4 miles from the nearest aircraft, the noise level experienced 
by observers will be less than 120 decibels (ref. 0.0002 dynes per 
am ). 
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BOW WAVES 
APPROXIMATE FORMATION OF SHOCK WAVES AROUND TWO ADJACENT 
AEROFOILS 
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a. SHOCK WAVE AROUND A WEDGE SHAPED AEROFOIL AT STEADY SUPERSONIC SPEED:: 
A PRESSURE DIFFERENCE 
P Po  
PRESFLIRE SIGNATURE OF SHOCK WAVES AT A LARGE DISTANCE FROM A TWO 
—DIMENSIONAL AEROFOIL MOVING AT STEADY SUPERSONIC SPEEDS. 
DIAGRAM SHOWING THE FORMATION OF SHOCK WAVES AROUND AN 
AEROFOIL IN STEADY MOTION. 
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DIAGRAM SHOWING THE FORMATION OF REFLECTED SHOCK 
WAVES FROM A SUPERSONIC AEROFOIL TRAVELLING PARALLEL 
TO THE GROUND. 
Source accelerating along 
a straight line from 
subsonic to supersonic 
speed. 
FIG. 7. 
Source accelerating along a 
straight line from subsonic to 
supersonic and then 
retarding to subsonic speed. 
FIG. B. 
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Source accelerating along a 
straight line after steady 
supersonic motion. 
FIG. 9 
Source moving in a 
circle at steady 
supersonic speed. 
The whole of the 
inner mach line 
reaches 0 at the 





Source moving at constant 
speed along an equiangular 
spiral M =A.  
FIG. I I . 





Construction of wave 





AD is the flight path 
D is the present position of 
the source. 
ect is the time taken for 
8 for the source to travel the 
distance Ap. 
The cone A BI  CI  has its 
axis AiEl  abng the 
zflight path at AI  
and its semi vertex 
angle is Is = — Mach 
angle at AI  
The length Ai  131:: 	 C,?-.  
71 a where a is the 
constant speed of sound 
.nn 
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SECTIONAL MODEL OF THE WAVE ENVELOPE FORMED BY A 
SOURCE MOVING IN A CIRCLE AT M=2 
FIG. 	 15. 
SECTIONAL MODEL OF THE WAVE ENVELOPE FORMED BY A 
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(Taken from ref 19) (Taken from ref 19) 
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THE COMMENCEMENT OF 
THE BOW WAVE FROM A 
POINTED BULLET. 
(Taken from ref 19) 
FIG. 19, 
FIG. 20. 
THE BOW AND TAIL WAVES 	 CURVED SHOCK WAVES PRODUCED BY A 
FROM A BULLET AT Mr 1- 0 	 BULLET WHICH HAS GRAZED A WOODEN BOARD 
ARRANGEMENT OF 
HYDRAULIC ANALOGY TANK 
FIG, 21. 
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FIG. 22. 
ACCELERATED AEROFOIL FROM SUB -TO SUPERCRITICAL SPEEDS 
AEROFOIL DOUBLE WEDGE O. SIN CHORD x 0181N THICK. 
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FIG. 23. 
RETARDED AEROFOIL FROM SUPER -TO SUB CRITICAL SPE EDS 
AEROFOIL DOUBLE WEDGE O . 5 in CHUAD X 0. 16 in THICK 
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FIG. 24. 







REAR TAIL WAVE 
TAIL WAVE 2 
DOUBLE ACCELERATION AND RETARDATION FROM SUB TO SUPERCRITICAL 
AND BACK TO SUBCRITICAL SPEEDS. 
FIG. 25. 
ACCELERATION AND RETARDATION OF TANDEM AEROFOILS. 
FIG. 26. 
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FIG. 29. 
DIAGRAM SHOWING THE REFRACTION OF SOUND 'NAVES DUE 
TO ATMOSPHERIC WIND AND TEMPERATURE GRADIENTS . 
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